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Joining of shape memory alloys is of great importance for both functional and structural 
applications as it can provide an increased design flexibility.  
In this work similar NiTi/NiTi, CuAlMn/CuAlMn and dissimilar NiTi/Ti6Al4V joints were produced 
by Nd:YAG laser. 
For the NiTi/NiTi joints the effect of process parameters (namely the heat input) on the 
superelastic and shape memory effects of the joints was assessed and correlated to its 
microstructure. Microstructural analysis was performed by means of X-ray diffraction using 
synchrotron radiation, which allowed for fine probing of the welded material. It was noticed the 
presence of martensite in the thermally affected regions, while the base material remained fully 
austenitic. The mechanisms for the formation of martensite, at room temperature, due to the 
welding procedure are presented and the influence of this phase on the functional properties of 
the joints is discussed. Additionally, the residual stresses were determined using synchrotron X-
ray diffraction.  
For the dissimilar NiTi/Ti6Al4V joints, a Niobium interlayer was used to prevent the formation 
undesired brittle intermetallic compounds. Additionally, it was observed that positioning of the 
laser beam was of significant importance to obtain a sound joint. The mechanisms responsible 
for the joint formation are discussed based on observations with advanced characterization 
techniques, such as transmission electron microscopy. At the NiTi/Nb interface, an eutectic 
reaction promotes joining of the two materials, while at the Ti6Al4V/Nb interface fusion and, 
subsequent solidification of the Ti6Al4V was responsible for joining. Short distance diffusion of 
Nb to the fusion zone of Ti6Al4V was observed. Although fracture of the dissimilar welded joints 
occurred at a stress lower than the minimum required for the stress induced transformation, an 
improvement on the microstructure and mechanical properties, relatively to existing literature, 
was obtained. 
Finally, the first weldability study of superelastic CuAlMn alloy was performed. Superelasticity 
was preserved after welding. Post-weld laser processing improved the damping capability of the 
welded joint when compared to both as-welded and base materials, aiming for seismic 
construction. 
Keywords: Laser welding; NiTi shape memory alloys; CuAlMn shape memory alloys; NiTi/Ti6Al4V 





Promover a ligação de ligas com memória de forma é de grande importância para aplicações 
funcionais e/ou estruturais uma vez que permite uma maior flexibilidade em termos da 
conceção do produto. 
Neste trabalho foram produzidas ligações similares de NiTi/NiTi, CuAlMn/CuAlMn e dissimilares 
de NiTi/Ti6Al4V por soldadura laser de Nd:YAG.  
Nas ligações NiTi/NiTi, o efeito dos parâmetros de soldadura nos efeitos superelástico e de 
memória de forma foram analisados e correlacionados com a microestrutura das juntas. A 
análise microestrutural foi efetuada por difração de raios-X utilizando radiação de sincrotrão. 
Verificou-se a presença de martensite nas zonas afetadas pelo calor, enquanto o material base 
era totalmente austenítico. Os mecanismos para a formação de martensite, à temperatura 
ambiente, devido ao processo de soldadura são apresentados e a sua influência nas 
propriedades funcionais é discutida. Adicionalmente, as tensões residuais nas juntas soldadas 
foram determinadas utilizando radiação de sincrotrão.  
Nas ligações dissimilares de NiTi/Ti6Al4V foi utilizada uma intercamada de Nióbio de modo 
impedir a formação de compostos intermetálicos indesejados. Os mecanismos responsáveis 
pela formação destas juntas foram observados e discutidos com técnicas de caracterização 
avançadas, como microscopia eletrónica de transmissão. Na interface NiTi/Nb a reação 
eutéctica promove a ligação dos dois materiais, enquanto que na interface Ti6Al4V/Nb, a fusão 
e subsequente re-solidificação do Ti6Al4V é responsável pela ligação. Difusão de curta distância 
do Nb para a zona fundida do Ti6Al4V foi evidenciada. Apesar da fratura das juntas ter ocorrido 
abaixo da tensão necessária para a ocorrência da transformação induzida por tensão, obteve-se 
uma melhoria da microestrutura e propriedades mecânicas relativamente ao que se encontra 
descrito na literatura. 
Finalmente, estudou-se a soldabilidade de uma liga superelástica de CuAlMn. Verificou-se que 
as propriedades superelásticas da junta foram preservadas e que o pós-processamento com 
laser promoveu a melhoria da capacidade de absorção de energia da junta, quando comparado 
com o material após soldadura e com o material de base, tendo como objetivo a utilização 
destes materiais em construções anti-sísmicas. 
Palavras-chave: Soldadura laser; Ligas com memória de forma NiTi; Ligas com memória de 
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The first chapter of this thesis presents the aims and scope of the work and provides some 
general information concerning the development of the thesis. The structure and sequence of 
the different chapters is presented and explained. Additionally, a roadmap is provided for the 
reader. 
Since some of the contents presented in this thesis have already been published, a list of those 
papers is provided. 
1.1 Aims and Scope 
Welding of shape memory alloys has attracted significant interest in recent years. The possibility 
to either obtain complex shaped structures or to combine these functional materials to 
engineering ones is of great interest. 
NiTi/NiTi laser welded joints have already been studied in the literature, however the 
microstructural modifications induced by the welding procedure and its correlation with both 
shape memory and superelastic effects still needs to be further clarified. Additionally, up to now 
there are no studies on the determination of residual stresses in such joints. As such, analysis of 
the microstructure, functional properties and residual stresses determination was performed. 
Production of NiTi/Ti6Al4V joints is a desirable dissimilar combination owing to the properties 
presented by each material. However, the inherent brittleness of its fusion zone, due to the 
presence of intermetallic compounds is a considerable setback. Thus, it is of great importance 
to determine a joining methodology which can either ensure a decreased precipitation or even 
supress it. To overcome this problem, a Niobium interlayer was used between NiTi and Ti6Al4V, 
allowing to obtain a sound joint. 
Recently, superelastic CuAlMn shape memory alloys have been presented as a prime candidate 
to replace NiTi. Up to now, there are no reports on the weldability of this material, thus, 
understanding its laser welding may boost its potential applications. For this, the first weldability 
tests using a laser were performed and the microstructure and mechanical properties were 
analysed. 
1.2 Location and Duration 
The research work for the preparation of this thesis was developed mainly at four locations: 
Portugal, Canada, Germany and Spain. 
The primary location was at CENIMAT/i3N, of Faculdade de Ciências e Tecnologias, Universidade 
Nova de Lisboa, Portugal. There, thermal, structural and mechanical analysis on the NiTi/NiTi 
joints were performed. These joints were produced at Centro Laser of Universidad Politécnica 
de Madrid, Spain.  Synchrotron X-ray diffraction data was obtained at Deutsche Electron 
Synchrotron (DESY), Hamburg, Germany. Finally, NiTi/Ti6Al4V and CuAlMn/CuAlMn joints were 
produced and structural and mechanically characterized at the Center for Advanced Materials 
Joining (CAMJ) of the University of Waterloo, Canada. 
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1.3 Structure of the Thesis  
This thesis is composed of five chapters. A critical analysis of existing knowledge is presented in 
Chapter 2. Chapter 3 details the materials and methods used throughout this investigation. In 
Chapter 4 the discussion of results is presented, organised in subchapters focused on NiTi/NiTi, 
NiTi/Ti6Al4V and CuAlMn/CuAlMn laser welds. Finally, in Chapter 5, the most remarkable 
conclusions as well as potential related areas for research are highlighted. 
1.4 Published Results 
This thesis contains results that has already been published in scientific journals.  
The following papers were published in scientific journals: 
- F. M. Braz Fernandes, K. K. Mahesh, C. M. Craciunescu, J. P. Oliveira, N. Schell, R. M. Miranda, 
L. Quintino, J. L. Ocaña, In Situ Structural Characterization of Laser Welded Niti Shape Memory 
Alloys, European Symposium on Martensitic Transformations 9Th European Symposium on 
Martensitic Transformations (Esomat 2012), 2012, DOI: 10.4028/www.scientific.net/msf.738-
739.338 
- J. P. Oliveira, F. M. Braz Fernandes, R. M. Miranda, N. Schell, On the Mechanisms for 
Martensite Formation in YAG Laser Welded Austenitic NiTi, Shape Memory and Superelasticity, 
vol 2, 114-120, 2016. DOI: 10.1007/s40830-016-0058-z 
- J. P. Oliveira, R. M. Miranda, N. Schell, F. M. Braz Fernandes, High Strain and Long Duration 
Cycling Behavior of Laser Welded NiTi Sheets, International Journal of Fatigue, vol. 83, 195-200, 
2016. DOI: 10.1016/j.ijfatigue.2015.10.013 (IF: 2.275, 5Y-IF: 2.583) 
- J. P. Oliveira, F. M. Braz Fernandes, N. Schell, R. M. Miranda, Martensite Stabilization During 
Superelastic Cycling of Laser Welded NiTi Plates, Materials Letters, vol 171, 273-276, 2016, DOI: 
10.1016/j.matlet.2016.02.107 (IF: 2.489, 5Y-IF: 2.466) 
- J. P. Oliveira, F. M. Braz Fernandes, N. Schell, R. M. Miranda, Shape Memory Effect of Laser 
Welded NiTi Plates, Functional Materials Letters, vol. 8, 1550069, 2015.  
DOI: 10.1142/S1793604715500691. (IF: 1.61, 5Y-IF: 1.47) This work was chosen to be the cover 
page of the December issue of the journal. 
- J. P. Oliveira, F. M. Braz Fernandes, R. M. Miranda, N. Schell, J. L. Ocaña, Residual Stress 
Analysis in Laser Welded NiTi Sheets Using Synchrotron X-ray Diffraction, Materials & Design, 
vol. 100, 180-187, 2016. DOI: 10.1016/j.matdes.2016.03.137. (IF: 3.51, 5Y-IF:3.626) 
- J. P. Oliveira, B. Panton, Z. Zeng, C. Andrei, Y. Zhou, R. M. Miranda, F. M. Braz Fernandes, Laser 
Joining of NiTi to Ti6Al4V Using a Niobium Interlayer, Acta Materialia, vol. 105, 9-16, 2016, DOI: 
10.1016/j.actamat.2015.12.021. (IF: 4.465, 5Y-IF: 4.869) 
- J. P. Oliveira, B. Panton, Z. Zeng, T. Omori, Y. Zhou, R. M. Miranda, F. M. Braz Fernandes, Laser 
Welded Superelastic Cu-Al-Mn Shape Memory Alloy Wires, Materials & Design, vol 90, 122-
128, 2016. DOI: 10.1016/j.matdes.2015.10.125. (IF: 3.51, 5Y-IF:3.626) 
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- J. P. Oliveira, Z. Zeng, T. Omori, N. Zhou, R. M. Miranda, F. M. Braz Fernandes, Improvement of 
Damping Properties in Laser Processed Superelastic Cu-Al-Mn Shape Memory Alloys, Materials 
& Design, vol 98, 280-284, 2016. DOI: 10.1016/j.matdes.2016.03.032. (IF: 3.51, 5Y-IF:3.626) 
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2. State of the Art 
2.1 Shape Memory Alloys 
Shape memory alloys are functional materials that present two very distinct properties: 
superelasticity and shape memory effect. Among these alloys, NiTi is the most important one, 
not only because of its functional properties, but also because it presents high strength and 
ductility [1]. 
The shape memory effect was first discovered, in the early 1950’s, in Au-47.5Cd (at. %) and In-
Tl alloys, however it had not attracted significant attention from researchers at that time. Nearly 
a decade later, in 1963, NiTi alloys became very popular owing to the publicity of Naval 
Ordinance Laboratory (NOL), where Buehler and co-workers observed this effect. As a tribute to 
this laboratory and derived from its near equiatomic composition (NiTi), the name NiTiNOL is 
often used. 
The functional properties exhibited by these alloys are due to a reversible martensitic 
transformation. Before discussing the mechanisms that are responsible for superelasticity and 
shape memory effect, some key-aspects must be presented first to facilitate the discussion. 
Usually shape memory alloys have two stable phases. A low temperature one, known as 
martensite (M), and a high temperature one, known as austenite (A) or parent phase.  
The functional properties exhibited by these alloys are due to a reversible martensitic 
transformation. SMAs have two phases: a low temperature one, known as martensite (M), and 
a high temperature one, known as austenite (A) or parent phase.  
When cooling the material from the austenitic domain, it starts to transform into martensite at 
a given MS temperature. This austenite to martensite transformation (referred in the literature 
as forward or direct transformation), finishes at the MF temperature. 
Starting with the material in the low temperature phase, by heating it up to a given (AS) 
temperature, austenite starts to form. Such transformation from martensite to austenite by 
heating (referred in the literature as reverse transformation) finishes when the AF temperature 
is reached. AS, AF, MS and MS are designated the transformation temperatures of a given shape 
memory alloy, where A and M designate the phase (austenite or martensitic) and the subscripts 
S and F apply for start and finish of transformation, respectively. 
Martensitic transformations, as those that take place in shape memory alloys, are diffusionless 
transformations [2]. When such transformations occur only by effect of temperature, the 
macroscopic shape change is negligible. 
In these alloys, each martensitic crystal has a given different orientation, called variant. An 
assembly of martensitic variants may exist in two distinct forms: twinned martensite or 
detwinned martensite. The former is created by the combination of self-accommodated 
martensitic variants to keep the overall shape when martensite is thermally induced, while in 
the latter a specific variant is dominant in the system, usually as a result of an applied external 
load [3].  
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The reversibility of transformation between austenite and martensite, and vice-versa, is the 
basis for the peculiar behaviour of this class of alloys. 
With the previous presentation of some fundamental aspects related to shape memory alloys it 
is now possible to discuss the mechanisms of superelasticity and shape memory effect. 
Martensitic transformation may also be stress induced giving rise to superelastic effect. 
Superelasticity occurs by the application of stress when the material is in the temperature range 
of thermally stable austenite. Such property allows for the material to undergo a significant 
deformation during loading (up to 10 % strain) with full recovery of its shape upon unloading 
[4], as shown in Figure 1. Consider a given fixed temperature, above AF, where the material is 
tested under an applied uniaxial tensile load. Firstly, there is elastic deformation of austenite 
(along the A – B path in Figure 1). At B, for a given stress σMs, the martensitic transformation 
starts to occur. Such stress induced transformation from austenite to martensite occurs at an 
approximately constant stress level, up to a σMf stress. When σMf is reached, the material is fully 
martensitic. When the transformation from austenite to martensite occurs, this martensite may 
turn instantly into detwinned martensite, depending on the relative orientation of the 
crystallographic variants and the imposed external solicitation. From C to D elastic deformation 
of the detwinned martensite occurs. If the material is not strained beyond point D, in theory, 
full recovery of the imposed strain can be obtained. From D to E the martensite elastically 
unloads. At point E, for a σAs stress level the martensite to austenite transformation starts to 
occur and proceeds until it is finished (at point F). Complete removal of the imposed stress allows 
for the elastic unloading of austenite (along the path F – A). 
 
Figure 1 – Typical superelastic behavior of a shape memory alloy [5]. 
Opposite to superelasticity, shape memory effect occurs starting from the material in the 
martensitic state [6]. Consider a shape memory alloy with a given form in the austenitic phase. 
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Cooling it down so that martensite (in the twined state) is stable will not promote any shape 
alteration in the material. However, if a given deformation is imposed to the material in the 
martensitic state, it will be retained by the material, as long as it remains in the temperature 
range where martensite is the stable phase. As a consequence of the applied deformation, 
martensite detwinning occurs. It is possible to recover the original shape when the material is 
heated above the AF temperature. When the AS temperature is crossed, the shape memory 
effect starts to occur, that is, the material starts to recover its initial shape, and this proceeds 
until the AF temperature is reached, when full recovery of the imposed deformation has 
occurred. Further cooling back to the martensite domain will occur with no significant 
macroscopic shape change of the material. 
Figure 2 depicts the schema of both superelasticity and shape memory effect in a stress-strain-
temperature diagram. 
 
Figure 2 – Stress-strain-temperature plot exhibiting superelasticity and shape memory effect [7]. 
Though superelasticity and shape memory effect have been discussed separately, they are 
closely related. The stress-temperature phase diagram for a given shape memory alloy is 
presented in Figure 3. It is expected that any shape memory alloy exhibits both superelastic and 
shape memory properties, depending on the temperature at which they are tested and as long 
as the critical stress for dislocation slip is not reached.  
The critical stress for stress-induced martensite follows a Clausius-Clapeyron relationship [8]: 
𝑑𝜎/𝑑𝑇 = −𝛥𝑆/𝜀, (being σ the applied stress, T the temperature, ΔS the change in entropy and 
ε the applied strain): with increasing temperature, a higher stress is required to trigger the stress 
induced transformation. On the other hand, it can be observed (in Figure 3) that the critical 
stress to induce slip, and therefore plastic deformation, decreases with increasing temperature. 
As such, it is possible that, at a given temperature, the critical stress for dislocation slip occurs 
earlier than the superelastic effect, thus inhibiting this property. The temperature above which 
the stress-induced martensitic transformation is no longer favored is designated by Md 
However, it is possible to manipulate the critical stress for inducing dislocations slip at a given 





Figure 3 – Stress-temperature diagram for a given shape memory alloy [1]. 
Another functional property exhibited by these materials is the two-way shape memory effect 
[3]. When the material is trained to have this property, it remembers a given geometrical shape 
in the parent phase and another in the martensitic phase. These two shapes are obtained 
without the help of any mechanical loading. 
2.1.1 NiTi Shape Memory Alloys 
Ni-Ti-based, Fe-based [9] and Cu-based [10], are the most common classes of shape memory 
alloys. From these, NiTi, is by far the most studied. Aside from its functional properties and high 
mechanical resistance, NiTi is also biocompatible, which allows for its use in the biomedical 
industry. NiTi presents also a good corrosion resistance making it suitable for use in severe 
mediums.  
NiTi may present three distinct phases: austenite, martensite and R-phase. Austenite, with a B2 
body centered cubic structure, and martensite, with a B19’ monoclinic structure, are the high or 
(parent) and low temperature phases, respectively. R-phase, with a trigonal structure, may exist 
between austenite and martensite in special circumstances, as it is discussed latter. The crystal 
structure of both austenite and martensite are depicted in Figure 4. The crystal structure of R-
phase can be viewed as a stretch of the austenite crystal structure along the <111> direction. 
 
Figure 4 – Crystal structure of austenite and martensite. 
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The Ti-Ni phase diagram is depicted in Figure 5. It can be seen that NiTi, above a certain 
temperature, is not a line compound with a fixed composition, but rather has a certain solubility, 
that is much larger on the Ni side than on the Ti. Other compounds, namely precipitates Ti2Ni, 
Ni3Ti and Ni4Ti3 are also observed for this system.  
 
Figure 5 – Phase diagram of Ti-Ni [1]. 
Extensive studies have been performed studying the precipitation phenomena for NiTi shape 
memory alloys [11–13]. One time-temperature-transformation (TTT) diagrams is available for 
this alloy and are shown in Figure 6 a. Preliminary work on this topic allowed for Nishida et al. 
[14] to present the most detailed TTT diagram for NiTi shape memory alloys (Figure 6 a). More 
recently, Pelton et al. [15] introduced a diagram exhibiting the time and temperatures required 
to obtain different transformation temperatures (Figure 6 b) considering significantly shorter 
permanence times for precipitation phenomena to occur aiming for industrial application 
involving NiTi. 
From Figure 6 a) it can be observed that at lower ageing temperatures and shorter permanence 
times, Ni4Ti3 forms. At higher temperatures and for longer permanence times, Ni3Ti occurs. In 
between these conditions, Ni3Ti2 is formed. Prolonged ageing leads to the absorption of either 
Ni4Ti3 or Ni3Ti2 and increases the content of Ni3Ti. This is due to the fact that both Ni4Ti3 and 
Ni3Ti2 are intermediate phases and Ni3Ti is the equilibrium phase. The diffusional 
transformations in this system occur in the following order: Ni4Ti3  Ni3Ti2  Ni3Ti. 
All the aforementioned precipitates (Ni4Ti3, Ni3Ti2, Ni3Ti) form when the NiTi alloy used is slightly 




Figure 6 – a) Time-temperature-transformation  diagram for NiTi [14]; b) effect of different time and 
temperatures to obtain different transformation temperatures [15]. 
As a consequence of precipitation phenomena, namely of Ni4Ti3, the intermediary phase of the 
NiTi system, R-phase, can be formed. When Ni4Ti3 is coherent with the matrix, or in the presence 
of dislocation networks, a thermoelastic transformation, which is a transformation that 
proceeds by changing the stress or temperature, between austenite and R-phase is observed. 
Such R-phase transformation, when present, is always a step before either the 
austenite  martensite transformation or vice-versa. 
The matrix composition of a given NiTi alloy influences its transformation temperatures and, 
thus, the functional properties at a given temperature. The influence of the alloy composition 
on the transformation temperature varies significantly if it is a Ni or Ti-rich NiTi. Figure 7 depicts 
this variation. It can be observed that for the Ni-rich NiTi the transformation temperatures 
decrease significantly with increasing Ni content. On the other hand increasing Ti content does 
not vary significantly the transformation temperatures. Such major difference between Ni and 
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Ti-rich NiTi alloys is probably due to the fact that solubility limit of NiTi on the Ti-rich side is 
almost vertical (Figure 5) The transformation temperature of either Ti-rich or equiatomic NiTi 
are similar. However, for Ni-rich NiTi an increase of 0.1 at. %Ni may decrease the transformation 
temperatures by 20 K [6].  
 
Figure 7 – Variation of the MS temperature as a function of the Ni content in several NiTi alloys [1]. 
The incorporation of alloying elements can have distinct effects. The presence of Hydrogen, 
Nitrogen or Oxygen, for example, is known to affect the transformation temperatures of the NiTi 
alloys. It is even possible for Ni-rich NiTi to present Ti2Ni-based precipitates when oxygen is 
incorporated during thermal processing of the material [16]. For this reason proper atmosphere 
must be used when thermal processing of these materials is performed. On the other hand, 
elements such as Copper [17], Iron [18] or Niobium [19] can be alloying elements which form 
ternary Ni-Ti-X shape memory alloys, being X a given metallic element. 
Despite the good corrosion properties of NiTi at room temperature, similarly to other Ti-based 
alloys, severe oxidation occurs at temperature above 450 ᵒC. Such oxidation is detrimental to 
the functional properties of the material, hence the need for inert atmospheres when 
performing heat treatments, for example. 
For NiTi shape memory alloys, the tensile curves for both austenitic and martensitic NiTi are 
similar when subjected to tensile testing, both presenting a constant stress level plateau. 
However, for austenitic NiTi, this (superelastic) plateau occurs roughly between 300 and 
500 MPa, while for martensitic NiTi, this value (where martensite detwinning occurs) lowers to 
around 200 MPa. During tensile testing, R-phase also exhibits a constant stress plateau at nearly 
50 MPa, with a maximum extension of 1 %, which can be fully recovered upon unloading. 
2.1.2 Cu-based Shape Memory Alloys 
Although NiTi shape memory alloys exhibit the better properties in strength, ductility and 
corrosion resistance, they are very expensive. For that reason, inexpensive Cu-based shape 
memory alloys have been studied and developed and they possess advantages in electrical and 
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thermal conductivities and deformability, when compared to NiTi [20]. Among the large number 
of shape memory alloys that have been discovered, most are Cu-based. In this group, two sub-
groups are dominant in terms of development for practical applications: Cu-Zn- and Cu-Al-based 
alloys. These can be ternary, where Cu-Zn-Al and Cu-Al-Ni have most often been the object of 
research and development efforts. For that reason, their phase diagrams, crystal structures and 
fundamentals on the transformation temperatures are more accurately described [21]. 
Depending on the composition of the Cu-based alloys they may, or may not, present complete 
shape memory effect or superelasticity. For example, the Cu-Al-Ni shape memory alloy only 
presents complete shape memory effect when its composition is very well defined (14 to 
14.5 wt% Al and 3 to 4.5 wt% Ni). The same occurs for other Cu-based alloys such as the Cu-Al-
Be, Cu-Au-Zn, Cu-Sn or Cu-Zn. 
For a range of compositions, the metastable β phase orders during cooling and undergoes a first-
order, diffusionless, structural transition into a more close packed phase. This is the basis of the 
martensitic transformation in Cu-based alloys [22].  
Among the different available Cu-based shape memory alloy, a Cu-Al-Mn alloy was studied in 
the present work. Hence the main focus of this section is related with this particular class of 
alloys.  
Problems arise for Cu-based alloys with high Al content with the β2 or the β1 ordered structure. 
Some of these problems are the excessive brittleness, which limits the amount of cold work, and 
the very low fatigue strength. The brittle characteristics of these alloy arises from the high 
degree of order of the parent β phase and tend to cause intergranular fractures [23]. 
Additionally, the low ductility of Cu-based shape memory alloys, is usually attributed to large 
grain size, high degree of elastic anisotropy and grain boundary segregation of impurities. For 
practical applications, these can be a considerable setback for the use of such shape memory 
alloys.  
In 1995 it was first shown that Cu-Al-Mn alloys, with low Al composition (<17 at. %), exhibited 
excellent ductility, as well as stable superelastic properties [24]. From this moment on, special 
attention was devoted to these materials. The addition of Mn to the binary Cu-Al alloy was found 
to stabilize the body centered cubic β phase, widen the single-phase region to lower Al 
compositions and lower temperatures, and improve the ductility of the low Al alloys by 
decreasing the degree of order of the parent phase.  
The phase diagram for a Cu-Al-Mn alloy is depicted in Figure 8. It is seen that the transition 
temperatures of order-disorder transitions β (A2)  β2 (B2) and β2  β1 (L21) drastically 
decreases with the Al content. Increasing either the Mn or the Al content of the alloy decreases 
the transformation temperatures, with a greater sensitivity to modifications in the Mn content. 





Figure 8 – Cu-Al-Mn phase diagram [25]. Vertical section in 10 at.% Mn of phase equilibrium for the Cu-Al-Mn 
system. 
Three different martensite structures can occur depending on the composition of the Cu-Al-Mn 
alloy: α1
′  (3R), β1
′  (18R) and γ1
′  (2H) [26]. The α1
′  phase forms for low Al contents, the γ1
′   phase 
is predominant for high Al contents, while the β1
′  exists for intermediate ranges of Al.  
Sometimes the 18R martensite structure is described as 6M modulated martensite. This is due 
to the choice of the monoclinic (6M) or orthorhombic (18R) unit cell, which some authors use to 
describe in a better way the transformation mechanism. In both cases is the stacking sequence 
that defines one or the other structure [27,28]. 
The effect of Al content on superelasticity and shape memory effect of Cu-Al-Mn alloys with Al 
contents below 18 at. % was studied by Kainuma et al. [24,26]. Good ductility and excellent cold-
workability due to a lower degree of order in the Heusler (L21) β1 parent phase was observed. 
For Cu-Al-Mn alloys with Al and Mn contents below 18 at. % and of nearly 10 at. %, respectively, 
the superelasticity and shape memory effect arise from the reverse martensitic transformation 
from cubic β1 (L21) parent phase to monoclinic 𝛽1
′  (18R) martensite. 
From the different Cu-Al-Mn alloys studied, it was observed that the Cu-17Al-11.4Mn (at. %) has 
the highest performing superelastic properties and can even exceed the recoverable strain 
achieved by NiTi [4,29]. 
The stress-strain response of the Cu-17Al-11.4Mn (at. %) alloy wires is extremely dependent on 
the relative grain size to wire diameter ratio, d/D, where d is the grain size and D the wire 
diameter [23]. It was observed that an increased recoverable strain was obtained with increasing 
grain size, due to the decrement of the grain constraint by the surrounding grain boundaries. 
Additionally, these alloys present a strong dependence of their mechanical characteristics with 
their crystal orientation. Others factor are influenced by the d/D ratio: the onset for the stress 
induced transformation, work-hardening rate (defined as the slope of the stress-strain curve 
after the initial linear behavior of these materials) and stress hysteresis increase with decreasing 
d/D; the transformation strain and the maximum superelastic recovery decreased with 
decreasing d/D.  
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Owing to the aforementioned characteristics, this particular alloy has usually a bamboo-like 
grain structure with a length of at least 1 mm. However, growing such massive grains it was not 
easy until Omori et al. [30] find out that these alloys can present abnormal grain grown under 
appropriate processing conditions. When a given material presents abnormal grain growth, 
selective growth of a few grains occurs by engulfing the neighboring ones. Some of techniques 
available to activate this phenomena consist on plastic deformation followed by an annealing 
heat treatment with a temperature gradient or by plastic deformation at high temperatures. 
However, these methods can only be applied to wires or sheets, in which fracture occurs by 
slight plastic deformation. For these Cu-Al-Mn alloys a cyclic heat treatment was sufficient to 
promote the growth of the grain structure. The heat treatment consisted on the following 
sequence: slow cooling down from the β-phase region (for example at 850 ᵒC) to the biphasic 
α + β region (for example at 600 ᵒC) and subsequent heating to the β phase region again. This 
cyclic heat treatment can be performed several times in order to obtain increasingly larger 
grains. 
Aside from their improved mechanical and functional properties, the Cu-17Al-11.4Mn (at. %) 
alloy is being considered as a potential lower cost alternative to NiTi for seismic and vibrational 
damping applications [31,32]. Additionally, this alloy does not present risks to the human body, 
which have enabled its use in medical devices for ingrown nail correction [29]. 
2.2 Laser Welding 
Welding is, eventually, the most used manufacturing technology since ancient times due to the 
possibility to produce complex shapes and components in tailored materials. Among the large 
diversity of welding processes, Laser welding finds increasing applications in industry. 
“Laser” is an acronym for light amplification by stimulated emission of radiation. The stimulated 
emission phenomenon was predicted by Albert Einstein in 1916 but it was demonstrated in 
practice almost five decades later. As a result of the stimulated emission of radiation all photons 
have the same wavelength, are in phase (both in space and in time) and travel in the same 
direction. Thus, the main characteristics of laser radiation are: monochromaticity, directionality 
low divergence and coherency in both space and time, allowing a good focusability.  
The power density of a laser beam can be defined as the power to beam focused diameter ratio. 
For laser welding the power density is within 106 to 108 W/cm. 
The most commonly used lasers in welding and materials processing (cutting and surface 
treatments) are: CO2, Nd/YAG and fibre lasers. Among these, Nd:YAG lasers, and more recently 
fibre lasers, are quite used in welding, since the output radiation has a wavelength of 1064 nm, 
which is easily absorbed by metallic materials [33].  
Due to the above mentioned characteristics of the laser light, laser welding is a high density 
energy process, able to weld with low heat input, thus, both the fusion zone and the heat 
affected zone are narrow and the residual stresses and distortions in the welds are often 
negligible [34]. Other advantages of laser welding are: there is no physical contact between the 
heat source and the material; there is no need to have special environments, as a vacuum 
chamber; it is a flexible and possible to automatize process; it can weld difficult materials in 
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similar or dissimilar joints; it is a high precision process capable of performing microwelding. 
However, the major disadvantages are related to: equipment and consumables costs, especially 
inert shielding gases and the required precision and fit-up prior to welding, especially in butt 
welding. 
When the laser beam produced in the laser source is focused onto the material surface, the 
photons energy are absorbed and converted into heat that dissipates by conduction. If the 
energy introduced is higher than the dissipated one, heating and melting occurs in the 
beam/material interaction volume. At high energy densities, the material is vaporized and heat 
is transmitted into depth. So a capillary of metallic vapor forms surrounded by the molten walls 
that are sealed up behind. The shape of this molten pool is similar to a keyhole and, so, it is 
known as “keyhole welding mode”. It is characterized by a very narrow weld with an aspect ratio 
(width/depth) << 1. The forces exerted on the molten pool determine its shape and stability, 
namely the gravity and surface tension tend to close the capillary, while the beam pressure, 
vapor pressure and recoil pressure tend to maintain it open. 
If the energy density is not sufficient to form the keyhole, a conduction weld is formed with a 
width to depth ratio >> 1 and the molten pool undergoes a strong stirring driven by Marangoni 
forces which result from the variation in surface tension and variations in material density with 
temperature in the fusion zone [35]. Besides these, a transition mode is commonly observed 
that is a mixture of conduction welding on the top surface and keyhole at the bottom [36]. 
Typical fusion zone geometries for conduction and keyhole welding modes are depicted in Figure 
9. 
 
Figure 9 – Typical fusion zone geometries for conduction-limited and keyhole welding modes (from [37]). 
Process parameters can be related to laser itself (wavelength, output power, operation mode 
and beam quality), the manipulation system and materials (optical and physical properties as a 
function of temperature). 
Considering the operation mode, it can be pulsed or continuous: in continuous, laser power and 
welding speed are the main operating parameters to control, while in the pulsed wave mode, 
the pulse shape, frequency and duration, and the peak energy are the major ones. In all cases a 
shielding gas is required to minimize evaporation phenomena and oxidation of the molten pool 
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and the heat affected zones, but also to improve coupling of the laser/material, blowing away 
the plasma formed above the surface. 
The beam quality is a relevant parameter and according to ISO 1146:1999 there are three 
parameters for assessing the beam quality, that it, the energy distribution along the beam 
radius, being the most important M2 and BPP (beam parameter product), where M2 = 1 for a 
Gaussian beam [38]. The beam quality and its wavelength, as well as, the beam diameter exiting 
the laser cavity controls the beam spot on the focus plane as well the depth of focus. If the beam 
quality is poor, the energy density can be insufficient to melt the material and even prevent full 
penetration.  
So, from the characteristics mentioned above laser is considered the most suitable fusion 
welding process for shape memory alloys, which are known to be very sensitive to oxidation at 
high temperatures and variation in chemical composition. 
2.2.1 Laser Welding of Shape Memory Alloys 
Shape memory alloys, especially NiTi, are increasingly applied in industrial applications. 
However, these materials are very hard to machine, thus difficulties arise when trying to obtain 
complex shapes. For this reason, joining techniques are used in order to widen the range of 
applications of this class of functional materials. When correctly applied, such joining techniques 
may provide an increased design flexibility aiming at both functional and structural applications. 
Owing to the functional properties presented by shape memory alloys, it must be ensured that, 
after joining, these properties are preserved. Otherwise, the intrinsic value of these materials 
decreases significantly. Amongst the different available joining techniques, laser welding is, by 
far, the most used for shape memory alloys.  
In this section some of the most important studies related to laser welding of NiTi shape memory 
alloys is presented. For Cu-Al-Mn shape memory alloys no weldability studies have been 
performed yet, thus this section in devoted only to NiTi. 
2.2.1.1 Laser Welding of NiTi Shape Memory Alloys 
Similar laser welding of NiTi shape memory alloys dates back to 1989 when Araki et al. [39] 
welded 3 mm thick Ni-rich NiTi plates, using a CO2 laser. Due to the high sensitivity of NiTi to 
high temperatures, laser welding was considered to be an adequate process to minimize the 
thermal affected regions and to preserve the functional properties of the welds. 
Early laser welding studies on NiTi shape memory alloys where performed using CO2 lasers [39–
41] while, nowadays, the primary choice for such studies are the infrared lasers, such as Nd:YAG 
[42,43] and fibre lasers [44–46]. 
The microstructure in the fusion zone of the NiTi laser welds can present either a dendrite-like, 
planar or cellular microstructure or a combination of these. The solidification structure observed 
can be explained based on rapid solidification theory [47], which establishes four parameters to 
govern the microstructure found in the fusion zone: temperature gradient (G), undercooling 
(ΔT), crystal growth rate (R) and alloy composition. The ratio between temperature gradient and 
crystal growth rate, G⁄R, governs the solidification mode, while the product G.R, represents the 
cooling rate and controls the crystal growth. As the constitutional supercooling increases, the 
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solidification structure changes from planar to cellular and from cellular to dendritic. As such, it 
is possible to observe only one, two or even all three structures in the fusion zone of a laser 
weld. 
Structural characterization of the present phases after welding is of great importance, as the 
identification of the existing phases in the welded region is crucial to understand, for example, 
the mechanical behaviour of the welded joints. This type of characterization is usually performed 
by X-ray diffraction. However, a problem arises when doing this type of analysis on the most 
common configuration (Bragg-Brentano). In this geometry, the irradiated area decreases with 
the 2Ө angle [48] and since the extension of both heat affected and fusion zones is reduced, it 
is difficult to ensure that the analysed region comprehends only one of those regions. That is, it 
may be difficult to ensure that the analysed region is only either the heat affected zone or the 
fusion zone of the welded specimen. Nonetheless, it was already reported the use of X-ray 
diffraction using laboratory sources to perform structural analysis on laser welded NiTi [49]. The 
authors have shown that while the base material was austenitic, the fusion zone had both 
austenite and martensite. 
The formation of undesired compounds in laser welded NiTi joints was also reported to occur 
[41,50,51]. Amongst the different precipitates that can form in the Ni-Ti system, Ti2Ni is the one 
that is more detrimental to the joints mechanical performance due to its inherent brittleness. 
The presence of Ti2Ni-based oxides was identified by Schlobmacher et al. [51], who proposed 
that its formation in the fusion zone occurred due to the presence of oxygen. This assumption 
reinforces the need to have the NiTi base material as free of impurities as possible and required 
good gas protection during welding so that no contaminants, such as hydrogen or oxygen, can 
be picked-up by the molten metal. Besides Ti2Ni, Ni3Ti [44,45,52,53] was also found in the fusion 
zone of laser welded joints. 
The tensile strength, as well as the elongation to fracture of the welded joints are usually below 
that of the original base material [41,54,55], as depicted in Figure 10. The presence of grain 
boundary segregation of precipitates in the thermally affected regions and the microstructural 
differences (grain size and existing phases) between those regions and the base materials, may 
justify this occurrence. 
 
Figure 10 – Stress-strain curve for martensitic NiTi base material and the laser welded joint (adapted from [54]). 
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The superelastic behaviour of a NiTi joint can only be assessed after at least one load/unload 
cycle. When the material is mechanically tested in the austenitic or martensitic phase, a 
constant-stress plateau is expected. In the former case, upon unloading, the irrecoverable strain 
at zero stress should be significantly lower than in the latter. For that reason, although a 
constant-stress plateau can be observed after welding in tensile tests of NiTi welds, it is not 
assured that superelasticity is preserved. This is due to the fact that as when the material is 
loaded in the martensitic state, as soon as it enters the constant stress plateau, an irrecoverable 
strain (corresponding to the difference between the maximum applied strain and the elastic 
deformation of martensite) will occur when unloading to a zero stress condition. On the other 
hand, while loading the material in the austenitic state up to the end of the constant stress 
plateau should not originate a significant irrecoverable strain upon unloading. 
Several studies report the cycling behaviour of NiTi welds [39,40,44,55–58]. However, a 
significant disparity in the reported experiments is observed. Cycling tests are reported, for a 
number of cycles ranging from 1 to 100 cycles and for an applied strain between 3 and 8 %. 
As a rule of thumb, laser weds presented lower superelastic behaviour (higher irrecoverable 
strain after unloading) when compared to the base material. Chan et al. [44] subjected laser 
welds to a load/unload cycle at different strains and observed that increasing the applied strain, 
the irrecoverable strain upon unloading also increased. Additionally, these values were higher 
than those of the base material. It was also observed that the critical stress for the stress induced 
transformation in the welded joint, decreased, when compared to the base material. Similar 
findings, regarding the decrease of the critical stress for the occurrence of the superelastic 
plateau, were also reported in [55,57]. It is suggested that this stress reduction occurs due to 
accommodation by dislocation slip as a result of the heterogeneous microstructure of the 
welded joint. 
Hsu et al. [58], reported that after 50 mechanical load/unload cycles, only 0.19% permanent 
strain was observed in the laser welds, while for the base material it was of 0.09%. Such small 
permanent deformation can partially be explained by the total strain imposed during the cycling 
tests, which was only 3%. Similar results were reported by Gugel et al. [42], when cycling both 
base material and welded specimens for a total of 10 cycles up to 2.5% strain. Nonetheless, for 
applications where conventional materials are not able to present such elastic behaviour, NiTi 
laser welds can definitely be used. 
The effect of maximum strain imposed during cycling behaviour was presented by Vieira et al. 
[55]. When testing both the base material and the welded joint up to 4 and 8% strain for a total 
of 30 cycles, significant differences were found, as far as the accumulated irrecoverable strain is 
concerned. While after the cycling tests at 4% the welded material presented an accumulated 
irrecoverable strain of nearly 0.7%, this value increased significantly up to about 4.4% for 8% 
strain tests. In both cases, the welded material always had a higher accumulated irrecoverable 
strain when compared to the base material. Interestingly, the superelastic behaviour of the 
joints was observed up to applied stresses of 50 MPa below their tensile strength, which may be 
of significant importance for industrial applications. 
Chan et al. [46]  analysed the cycling behaviour of NiTi welds up to 100 cycles, with a maximum 
imposed strain of 4%. Stress kinks which were attributed to a local stress induced transformation 
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of the thermal affected regions were only observed in the first loading cycle. The absence of 
those stress kinks in the following cycles suggests that local plastic deformation of those regions 
has occurred, thus, not contributing for the superelastic effect and leading to an increase in the 
irrecoverable strain. 
Fatigue behaviour analysis of laser welded NiTi is reported in [58, 59]. In [59] Yan et al. studied 
the rotating-bending fatigue of laser welded NiTi. The effect of the imposed strain amplitude 
with the number of cycles to failure presented by the laser welds was compared to the base 
material. Is was observed a decrease on the fatigue properties of NiTi after laser welding, which 
was attributed to segregation of solute and impurities upon solidification of the weld metal and 
to the existence of a coarse grain and dendritic structures in the same region. When the imposed 
strain amplitude was below 0.4%, which is still within the elastic limit of the material, the welded 
joints were able to withstand up to 106 cycles without rupture. However, when the strain 
amplitude was of 1.0%, the fatigue life of the NiTi joint was reduced to about 103 cycles, while 
the base material was able to sustain a total of 104 cycles. It was observed that the differences 
between the base material and welded material increased when increasing the strain amplitude. 
The fatigue resistance under rotating-bending solicitation of laser welded NiTi was also analysed 
by Chan et al. [60]. Similarly to [59], it was reported a decrease of the fatigue resistance after 
welding. In this study, the authors also analysed the influence of the bending frequency and 
reported a decrease of the fatigue resistance when increasing the bending frequency. During 
the stress induced transformation of austenite to martensite the sample temperature increases 
[61]. As such, when the frequency increased the generated heat also increased. With increasing 
temperature the plateau for stress induced transformation raises, requiring a higher stress to 
occur. It is even possible to overcome the Md temperature, at which the stress for dislocation 
slip is lower than the starting of the stress induced transformation. All these factors explain the 
lower fatigue resistance of the NiTi base material and laser welds with increasing frequency. 
Fracture analysis of the welded samples after fatigue tests, revealed that cracks were originated 
in the fusion zone due to higher roughness, when compared to the base material, coming from 
solidification after laser impingement. In NiTi, it is reported that increasing surface roughness, 
as usually found in the fusion zone, may decrease the fatigue-crack growth resistance [62], 
justifying the decrease in the fatigue resistance of the welded material. Brittle-like features in 
the fracture surface were reported in [59], while in [60] the welded material fractured in a 
ductile mode.  
Nevertheless, laser welded NiTi joints revealed a lower fatigue resistance when compared to the 
base material, though these joints were still capable to withstand a significant number of cycles, 
which is of significant importance for applications in micro-electro-mechanical systems [63], for 
example. 
Aside from studies on the superelasticity of laser welded NiTi joints, the effect of this fusion-
based technique on the shape memory effect was also assessed by several authors. 
The shape memory effect on laser welded NiTi was first reported in early studies on laser 
welding of NiTi [39,40], and it was stated that full recovery of the imposed strain was achieved 
when the samples were heated to the austenitic phase. 
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From the functional properties presented by NiTi, the shape memory effect appears to be the 
less affected by laser welding. Several authors reported that at least 90% of the imposed 
deformation is recovered when the shape memory effect is triggered [41,56–58]. Evidence of 
the shape memory effect in laser welded NiTi was investigated by tensile testing [39,41,56–58]: 
the samples are pulled, in the martensitic phase, up to a certain strain and unloaded to a 0 stress 
condition, presenting a significant deformation. Then, the welded specimens were heated above 
the AF temperature and the shape memory effect occurs allowing for a significant strain recovery 
of the imposed deformation.  
For NiTi, the shape memory recovery is dependent of the applied strain. As such, it is important 
to known how the applied strain affects the shape memory recovery of the welded joint and 
compare to the base material. Schlobmacher et al. [56] tested NiTi joints up to 6% strain with 
subsequent unloading to 0 stress and heating above AF. They reported that the irrecoverable 
strain after martensite  austenite transformation increased with the applied strain, as it was 
expected. Although the irrecoverable strain of the welded joints was small (bellow 0.1% for a 
4% strain and 0.3% for 6% strain), these were less performing than the base material. 
The effect of imposed strain on the shape memory recovery for Ti-rich laser welded NiTi was 
also evidenced by Falvo et al. [54]. It was observed that the maximum strain recovery of the 
welded joint was of 4% for an imposed strain of 5%, while for the base material, the maximum 
strain recovery achieved 5.2% for a total strain of 7.3%. The reason for this difference between 
the weld and base material is related to the development of dislocation slip, leading to plastic 
deformation. The authors attributed the earlier development of slip in the welded material to 
the lower resistance of the joint when compared to the base material. 
Only one study addressed the problem of the two-way shape memory effect after welding [64]. 
In their work, Ti-rich NiTi, 1.2 mm thick plates, martensitic at room temperature, were butt 
welded using an Nd:YAG laser. After welding, the residual stresses resulting from previous cold 
working of the base material and laser welding itself were relaxed by heat treatment. A 
load/unload cycle, up to 3.5% strain was performed to compare the mechanical response of the 
base material and the welded joint, and the main difference observed was on the stress for the 
onset of martensite detwinning, which was found to be higher in the welded specimen. This 
effect was attributed to the grain growth and the occurrence of precipitates due to weld thermal 
cycle of laser welding. 
Several techniques can be used to determine the transformation temperature of any shape 
memory alloy. Differential scanning calorimetry [65,66], dilatometry [67] or electrical resistivity 
[68,69] are the most used ones. 
For laser welded NiTi, the transformation temperatures of the thermal affected regions are 
always determined by differential scanning calorimetry, despite the fact that these are very 
narrow. This problem was reported by [56] and, to overcome it, the minimum required 
dimension of the sample to be tested was remolten by the laser to simulate the fusion zone. 
However, it is very difficult to ensure that a given sample for thermal analysis has only one of 
the thermal affected regions [70]. 
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Hsu et al. observed a decrease in the transformation temperatures of the fusion zone when 
compared to the equiatomic NiTi base material [58]. The oxygen content was measured in both 
regions and it was found to be significantly higher in the fusion zone, hence justifying the change 
in the transformation temperatures. For NiTi, the increase in oxygen content is known to 
decrease the transformation temperatures [16], and this reinforces the need for a good 
shielding protection, so that the contamination in the fusion zone is not detrimental to the joints 
properties. 
Tuissi et al. [57] performed differential scanning calorimetry measurements in both base 
material, heat affected zone and fusion zone. Their findings showed that in both base material 
and heat affected zone only one transformation peak is identified in both cooling and heating. 
However, in the fusion zone a partially overlapped two-step transformation was observed and 
was attributed to the presence of R-phase due to the imposed residual stresses after welding. 
Laser processing of NiTi was performed by Khan et al. [71]. Although this is not a laser welding 
research, some interesting findings can still be applicable. In the laser processed material, full 
penetration of 0.37 mm thick NiTi with a pulse overlap of 80% was attained. This can be then 
compared to bead on plate welding, which is normally used to determine the best range of 
parameters for butt welding. Differential scanning calorimetry of the processed region, where 
fusion occurred, revealed the presence of extra peaks at high temperatures when compared to 
the one-stage transformation observed, in both cooling and heating, in the base material. These 
extra peaks were due to a variation in the microstructure of the material after laser processing: 
while the base material was fully austenitic, the processed region had both austenite and 
martensite (observed by X-ray diffraction). As such, a good agreement between the thermal 
analysis and the microstructural characterization by X-ray diffraction was obtained. The 
existence of martensite in the processed region was explained based on preferential 
volatilization of Ni in the fusion zone [72], as previously suggested by [73]. In fact, Ni depletion 
increases the transformation temperatures of NiTi [16]. So, the austenitic base material at room 
temperature prior to laser processing, experienced an increase in its transformation 
temperatures that allowed for martensite to be stable at room temperature, replacing austenite 
as the equilibrium phase. 
Post-weld heat treatments are usually used for stress relief of residual stress due to the thermal 
gradient inherent to fusion welding [74] or optimization of the tensile properties of the welded 
material by obtaining a more suitable microstructure [75,76]. Accordingly, by choosing 
appropriate heat treatment parameters (temperature and time) the mechanical properties of 
the welds can be improved. 
In NiTi laser welded joints, post-weld heat treatments were seen to promote Ni4Ti3 precipitation 
[46,77–79]. The presence of Ni4Ti3 may improve the mechanical properties of NiTi as it can resist 
the plastic flow by acting as effective barriers to dislocation motion [46]. 
For Ni-rich NiTi, the heat treatments promote a raise in the transformation temperatures, due 
to Ni depletion of the matrix surrounding the Ni-rich precipitates [1]. This was observed by Chan 
et al. [46]. In opposition, for Ti-rich welded NiTi, precipitates formed during heat treatments can 
promote a decrease in the transformation temperatures. However, the effect of post-weld heat 
treatment on Ti-rich NiTi joints was not yet reported.  
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In Chan et al. work [46] a two-step transformation took place after the post-weld heat 
treatments (350 and 450 ᵒC for 60 minutes), as depicted in Figure 11. This is an indication that 
R-phase should exist as an intermediate phase during austenite  martensite transformation. 
Similar results were observed by Yan et al. [79]. The presence of Ni4Ti3 precipitates, which are 
known to promote the existence of coherency stress fields, favours the formation of the R-phase 
[80]. 
 
Figure 11 – Differential scanning calorimetry curves for the base material and fusion zone of NiTi welds with and 
without post-weld heat treatments (PHWHT). The dashed line represents room temperature (adapted from [46]). 
When a proper selection of the parameters for the post-weld heat treatment was made, it was 
possible to obtain higher elongation to fracture of the joints when compared to as-welded 
material [46]. Additionally, the onset for the stress induced transformation decreases with the 
post-weld heat treatment due to a softening effect (Figure 12) [79]. 
 
Figure 12 – Effect of post-weld heat treatments on the mechanical properties of laser welded NiTi joints (adapted 
from [79]). 
The cycling behavior of post-welded NiTi joints was studied by Chan et al. [46]. It was observed 
that low temperature heat treatments (350 ᵒC for 60 minutes) preserved the superelastic 
properties of the welded joints. However, if higher post-weld heat treatments temperatures 
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were used (450 ᵒC for 60 minutes), massive Ni4Ti3 precipitation would occur allowing for 
martensite to be stable at room temperature, replacing austenite and thus the superelastic 
effect was inhibited. 
Ni4Ti3 grain size was also seen to affect the fatigue behavior of post-weld heat treated NiTi joints. 
When these were of only 10 nm, an improvement on the rotating-bending fatigue behavior, 
compared to the base material was observed. However, when the grain size increased to 300 
nm the fatigue resistance decrease significantly, when compared to the base material. The 
reason for this behavior is related to the fact that, with the increased grain size of the 
precipitates, introduction of dislocations to relax the misfit with the surrounding matrix is 
required to attenuate the stress fields. 
In opposition to similar joining of NiTi, dissimilar combinations involving this functional material 
presents significant additional welding problems. 
One of the attempted dissimilar joints was of NiTi to Ti6Al4V. Significant metallurgical problems 
arise when welding NiTi to Ti6Al4V. Assessment of the weldability of NiTi to Ti6Al4V was 
investigated by Miranda et al. [81]. Regardless of the heat input introduced during welding, to 
control the cooling rate upon solidification, cracking was always observed in the fusion zone. 
SEM analysis of fracture surfaces revealed the presence of brittle Ti2Ni which caused 
transgranular cracking upon cooling. The formation of Ti2Ni is promoted by the migration of 
Nickel, from NiTi, to the liquid Titanium. As such, it is apparent that the solution for overcoming 
the embrittlement of NiTi/Ti6Al4V welded joints can be made by introducing an element that 
either inhibits or decreases the amount of brittle intermetallics formed in the fusion zone. 
The insertion of an interlayer was tried by Zoeram et al. [82,83] using Cu. The embrittlement of 
the welded joint was reduced, as the amount of Ti2Ni decreased when compared to the joint 
without interlayer. Nonetheless, some other Cu-based intermetallics were formed due to the 
presence of the Cu interlayer, namely Ti2Cu, Cu2Ti, Cu3Ti and Cu4Ti. Hardness measurements on 
the fusion zone revealed higher values than both base materials, despite a significant decrease 
when compared to the fusion zone of the joint welded without the Cu interlayer. The thickness 
of the interlayer used, and thus the amount of Cu introduced into the fusion zone, has been 
seen to play a significant role on the properties of the joints. As the thickness of the interlayer 
increased (up to 75 µm), the Cu-rich areas also increased in the fusion zone. However, further 
increase of the interlayer thickness promoted formation of shrinkage cavities and increasing the 
interlayer thickness was found to be detrimental to the joints properties due to the formation 
of brittle Cu-based intermetallics. An optimum interlayer thickness was found to be of 75 µm, 
and the correspondent welded joint experienced rupture at 300 MPa and 3.3% strain, without 
any indication of superelastic plateau. 
It is apparent that despite the use of interlayer provided better mechanical properties of the 
dissimilar joint, no interlayer was yet found to inhibit the formation of undesired intermetallics 
compounds. As such, determining the correct interlayer or combination of interlayers may be of 
great importance to obtain sound NiTi/Ti6Al4V joints. 
Detailed analysis of the existing literature of welding of NiTi shape memory alloys reveals that 
for similar laser welded joints the effects of laser welding parameters on the microstructural 
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alterations are not yet clear. Additionally, the effect of those microstructural modifications on 
the functional properties still need to be address. Up to know, no residual analysis of welded 
NiTi joints was performing, hence an important gap is evident. For the dissimilar combination of 
NiTi to Ti6Al4V, it is necessary to found laser welding strategies that allow to obtain sound joints, 
so that the formation of brittle intermetallics, which are known to impair the mechanical 
properties of the joints, is decreased or even supressed. As no welding studies exist for CuAlMn 
shape memory alloys it was also considered of significant importance to address this issue.
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3. Materials and Methods 
In this section, the materials and characterization techniques used in this investigation are 
described. Initially, the raw materials used for similar and dissimilar welding are presented. The 
welding equipment is described based on the laser type used (continuous or pulsed-wave 
mode). Based on the laser used, similar and dissimilar (when applicable) welding parameters 
and configuration used involving shape memory alloys are specified.  
Several characterization techniques were used throughout the investigation: tensile testing, 
hardness measurements, indentation-load measurements, optical microscopy, scanning 
electron microscopy, transmission electron microscopy, X-ray diffraction using synchrotron 
radiation. However, some of those techniques were only used for a given type of welded joint 
(i.e. for NiTi/NiTi or NiTi/Ti6Al4V joints, for example). As such, all characterization techniques 
are presented without specifying for which joints they were used (unless strictly necessary). 
During the discussion of the results (Results and Discussion section), it is clear which techniques 
were used for each welded joint. 
3.1 Materials 
3.1.1 Similar laser welding 
For NiTi/NiTi welds, Ni-rich (50.8 at. %) NiTi sheets, 1.00 ± 0.05 mm thick, supplied in the flat-
annealed condition from Memory (Connecticut, United States of America), were used. 
For similar CuAlMn laser welding, Cu-17Al-11.4 Mn (at. %) wire, 0.5 ± 0.005 mm in diameter. The 
CuAlMn alloy was prepared by induction melting under Argon atmosphere. The ingot was hot 
forget and cold-drawn to make 0.5 mm in diameter wires. To obtain the superelastic properties, 
the wires were subjected to a solution treatment at 900 ⁰C for 5 minutes and quenched in water. 
The material was then subsequently aged at 200 ⁰C for 20 minutes [30]. 
3.1.2 Dissimilar laser welding 
For NiTi/Ti6Al4V dissimilar laser welding, aside from the NiTi sheets described previously, 
Ti6Al4V sheet, 1.05 ± 0.05 mm thick, from Titanium Joe (Ontario, Canada), were also used. 
All materials were cut with a precision cut-off machine equipped with a diamond wheel. After 
cutting to the desired dimensions, the materials were cleaned with acetone and ethanol to 
remove impurities prior to welding. 
3.2 Laser Welding 
Laser welding was performed using continuous and pulsed-wave mode Nd:YAG lasers with a 
wavelength of 1.064 nm. 
For similar NiTi/NiTi butt joints a DY033 Nd:YAG laser power source from Rofin-Sinar (Centro 
Láser de Madrid, Spain), operating in a continuous wave mode was used. The following welding 
parameters were varied: laser power and welding speed. The laser beam was focused to 
0.45 mm diameter at the top surface of NiTi and Ar was used as shielding gas at 45 l/min. No 
gap between opposite plates (of 30 x 30 mm) was left prior to welding. Table 1 depicts the 
welding parameters for the NiTi/NiTi laser butt joints. 
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A 990 25 396 
B 990 20 495 
C 990 15 660 
D 1485 30 495 
E 1485 25 594 
F 1485 20 743 
For both dissimilar NiTi/Ti6Al4V joints and similar CuAlMn welds, a Miyachi Unitek LW50A 
pulsed Nd:YAG laser system (University of Waterloo, Canada) was used. A top-hat type spatial 
profile was used to ensure that the near-Gaussian incident beam was transformed into a 
uniform-intensity round spot of 400 or 600 µm in diameter, respectively. 
For the NiTi/Ti6Al4V joints, the pulse profile had a 20 ms duration, with a 3 ms upslope and 15 
ms downslope. The peak power was set at 3.0 kW. Laser spot welds, along the joining interfaces, 
were performed with an overlap of 25% so that a continuous weld could be obtained. Argon was 
used as shielding gas and the flow rate was set at 16.5 l/min. 
Preliminary welding trials to joint NiTi to Ti6Al4V were performed to determine the optimum 
welding parameters to obtain full penetrating welds. Cracks were observed after cooling to 
room temperature preventing any mechanical analysis of the welded joints. The effect of laser 
positioning was also tested: when impinging directly NiTi or Ti6Al4V base materials, or at the 
contact interface of the base materials, crack formation was not avoided. 
Niobium was placed in between the two base materials so that is could act as a diffusion barrier 
to prevent solidification cracking in the fusion zone. Niobium was selected as interlayer as it 
form an eutectic with NiTi and has full solubility in Ti, and vice-versa. The schema of the 
experimental set-up used for welding NiTi to Ti6Al4V is depicted in Figure 13. The laser beam 
was positioned on the Ti6Al4V joint (250 µm from the contact interface between the two base 
materials), so that 60% of the laser diameter was on the Ti6Al4V top surface. It was chosen to 
position the laser on the Ti6Al4V alloy, because NiTi suffers a more severe degradation of its 
properties at high temperatures. Additionally, focusing the laser on the NiTi side did not 
promote the formation of a joint to the Ti6Al4V side. 
 
Figure 13 – Schematic of the set-up used for welding NiTi to Ti6Al4V. 
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For the Cu-Al-Mn welds, the pulse profile had a 6 ms duration, with a 1 ms up and downslopes. 
Argon was used as shielding gas and the flow rate was set at 9.5 l/min. Due to reduced amount 
of material, the welding process was developed to obtain full penetration welds with a 
symmetric contour, using a minimum heat input. To remove joint fit-up from the variables in 
study, bead on plate welds were produced with a peak power of 1.5 kW. An in-house custom 
built fixture was used to ensure that the base material wires were straight prior to welding 
(Figure 14). 
 
Figure 14 – Fixture, laser and shield gas position for welding the CuAlMn shape memory alloy. 
Also, two distinct batches were used: “wire 1” was used for microstructural characterization and 
tensile testing of both base material and weld; “wire 2” was used to assess the mechanical 
cycling behavior of both base material and weld. 
3.2.1 Post-weld heat treatments 
3.2.1.1 Conventional furnace heat treatments 
Post-weld heat treatments were performed on similar laser welded NiTi joints in order to 
evaluate the microstructural changes induced in the different regions (base material, heat 
affected and fusion zones). The post-weld heat treatments were performed at 350, 400 and 
450 ᵒC, at a constant holding time of 60 minutes.  
3.2.1.2 Laser post-weld treatments 
Laser post-weld heat treatments were performed on the similar laser welding CuAlMn joints.  
Based on the optimum welding parameters obtained for similar CuAlMn laser welds, a post-weld 
laser processing comprised by a total of 48 laser spots, with an overlap of 65% of the beam spot 
diameter (600 µm) was performed. This laser processing was performed on the central region 
of the specimen along about 1/3 of the total wire length, keeping the remaining 2/3 in the 
original microstructural condition Figure 15.  
 
Figure 15 – Set-up for laser processing of the CuAlMn alloy (not to scale). 
Laser processing was performed on both the original base material and on the laser welded 
samples to understand the feasibility of post-weld laser heat treatment to improve the 
mechanical properties of the joints. 
28 
 
3.3 Thermal analysis 
Differential scanning calorimetry (DSC) was used to characterize the structural transformation 
temperatures of the NiTi base material and of the fusion zone of similar NiTi welds. Due to the 
reduced dimensions of the specimens required) for DSC analysis (less than 3 mm in length) a 
precision cutting machine was used to carefully separate the fusion zone from the remaining 
material. However, as the extension of either the heat affected or fusion zones are within the 
range of a few millimeters, it is not possible to ensure that the analyzed material comprised only 
the fusion zone. That is, the DSC sample from the fusion zone could also have some parts of the 
adjacent heat affected zone. A DSC 204 F1 Phoenix from Netzsch was used. The temperature 
range was set between -160 to + 70 ᵒC. Both heating and cooling rates were set at 10 K/min. 
The DSC curve of the base material is depicted in Figure 16 [84]. Upon cooling, the existence of 
two exothermic peaks indicates a two-step transformation from austenite to R-phase and, later, 
to martensite. Upon heating, only one endothermic peak is observed corresponding to the 
transformation of martensite into austenite. At room temperature, the base material is fully 
austenitic. 
 
Figure 16 – Differential scanning calorimetry of the base material. 
3.4 Microscopy analysis 
3.4.1 Optical microscopy 
For microstructural observation, the welded specimens were mounted in epoxy resin and 
mechanically polished up to 2500 fine SiC paper. To reveal the microstructure of the base 
material and thermally affected zones etching solutions were used: HF:HNO3:H2O  (1:5:10 in 
volume) for joints with NiTi; FeCl3 (10 g) + HCl (25 ml) + H2O (100 ml) for CuAlMn welded joints. 
Optical microscopy was carried out using an Olympus BX51M and a Leica DMI5000M optical 
microscopes. 
3.4.2 Scanning electron microscopy 
Scanning electron microscopy was used for analyzing both the microstructure of the welded 
joints and the fracture surfaces after mechanical testing. Two different scanning electron 
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microscopes were used: a ZEISS DSM 962 ESM (available at CENIMAT/i3N, Portugal) at an 
acceleration voltage of 15 kV and JEOL JSM-6460SME (available at the University of Waterloo, 
Canada) at an acceleration voltage of 20 kV. In the latter, energy dispersive X-ray spectroscopy 
(EDS) was performed with an INCA Energy 350 EDS microanalysis system to quantify the 
compositional changes of the thermally affected regions in the CuAlMn similar welds. 
3.4.3 Transmission electron microscopy 
From the Ti6Al4V/NiTi dissimilar welding using Nb interlayer, specimens for transmission 
electron microscopy (TEM) were prepared by focused ion beam (FIB), using a Zeiss NVision 40. 
The FIB lift-out technique, which consisted on a series of FIB cuts adjacent to the region of 
interest to be analyzed by TEM, was used [85]. With such technique it is possible to obtain cross-
sections up to 150 µm. Additionally, it allows for the preparation of TEM specimens for a given 
desired location of the samples to be analyzed. In order to protect the surface of the region of 
interested to be analyzed, a tungsten protective layer was deposited prior to FIB milling. After 
cutting the sample to the desired dimensions, while reducing its thickness so that the material 
can be analyzed by TEM, a micromanipulator is used to promote the “lift-out” of the sample. 
Transmission electron microscopy was performed using a JEOL 2010F TEM/STEM operated at 
200 kV (available at McMaster University, Canada). This electron microscope was equipped with 
an Oxford Inca energy dispersive X-ray system and a Gatan imaging filter system for the 
acquisition of the electron energy loss spectra (EELS). EELS was used to acquire an energy loss 
spectrum at each pixel of a given selected area. Scanning TEM (STEM) EDS maps were obtained 
using a probe with 1 nm in diameter.  
3.5 X-ray diffraction analysis 
X-ray diffraction using conventional Cu K-alpha radiation was previously performed [86] to 
determine the structural transformations of the NiTi base material as a function of temperature 
from +120 to -180 ᵒC (Figure 17). Similarly to what was observed from the DSC measurements, 
it can be depicted a two-step transformation from austenite to R-phase and from this to 
martensite. It was also confirmed that the base material was fully austenitic at room 
temperature. 
 
Figure 17 – X-ray diffraction patterns of the base material as function of temperature. Analysis performed from 
+120 to -180 ᵒC [86]. 
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Structural characterization, using synchrotron radiation, was performed, in beamline P07 of 
Petra III/DESY using wavelengths that ranged from 0.12525 Å (100 keV) to 0.1426 Å (87 keV). 
The sample to detector distance also varied from 1.04 to 1.41 m. All X-ray diffraction analyzes 
based on synchrotron radiation, were performed on transmission mode and the Debye-Scherrer 
rings were captured using 2D detectors from either PerkinElmer or MAR 345. 
The experimental set-up used during the synchrotron X-ray diffraction measurements is 
depicted in Figure 18. The azimuthal angle, ϕ, was defined as equal to 0⁰ in the longitudinal 
direction of the weld bead and equal to 90⁰ for the transversal direction (perpendicular to the 
weld bead). 
Structural characterization, performed at room temperature, probed a total of 6 mm in length 
of the welded material. The analysis started on the base material, through the heat affected 
zone and the weld bead and finishing in the base material again. Beam spot dimensions were of 
200 x 200 µm and the distance between consecutive spots was of 200 µm. 
 
 
Figure 18 – a) Experimental set-up for the X-ray diffraction analysis performed when no dilatometer was used; b) 
schematic representation (not to scale). 
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When such synchrotron-based X-ray diffraction characterization was performed at non-ambient 
temperatures, a modified dilatometer Bähr DIL 805 A/D was used (Figure 19). The induction coils 
were specially designed (Figure 19 b) to allow for the X-ray beam to pass through the equipment 
without hitting any metallic part that could add extra diffraction peaks to the 2D detector.  This 
equipment allowed heating the samples up to a given temperature at a chosen heating rate. 
This way, in-situ, structural characterization could be performed. These in-situ tests were 
performed for a select batch of samples. The probing line started in the base material, going 
through the heat affected zone and fusion zone and finished slightly after the weld centerline. 
During the in-situ measurement, the welded samples were subjected to the following thermal 
cycle: heating the sample to 150 ⁰C; hold for 5 minutes; cooling to room temperature. The aim 
of these structural characterization tests was to determine the origin of the microstructural 
modifications observed in the thermally affected regions after welding. Additionally, some 
samples were subjected to post-weld heat treatments and the welded material was probed in 
conditions similar to those aforementioned. 
 
Figure 19 – a) Overview of the Bähr DIL 805 A/D dilatometer; b) close up of dilatometer with the coils used for 
heating the sample. 
All data acquired in synchrotron facilities was treated using the program Fit2D [87]. It was 
possible to convert the Debye-Scherrer rings into conventional diffractograms (intensity vs 
interplanar spacing plots).  
To analyze the microstructure of the welded joints, the integration was carried on along the full 
azimuthal angle.  
For determining the residual stresses, Rietveld code implemented in MAUD (Material Analysis 
Using Diffraction) [88] was used in a similar way as described in [89]. During Rietveld refinement, 
parameters such as background, intensity, profile shape, unit cell, texture and stress model were 
32 
 
refined. For the Rietveld analysis, four austenite peaks were considered: (100), (110), (111) and 
(200). When both austenite and martensite were present, five additional martensite peaks were 
considered: (101), (110), (11̅1), (020) and (211). During Rietveld analysis performed with MAUD, 
integration in 5ᵒ steps along the azimuthal angle was performed. The mechanical properties of 
both phases used in the stress model are described in [90,91]. 
Following other authors that have made similar assumptions when performing residual stress 
analysis with high energy synchrotron radiation [92], a plane-stress condition was assumed 
owing to reduced thickness of the material under study. As such, and according to the 
configuration presented in Figure 18 b) used in the diffraction experiments, the principal 
directions of the system are: 
- x component, along the longitudinal direction of the weld bead; 
- y component, perpendicular to the weld bead; 
- z component, normal to the material surface. 
As a plane-stress condition is assumed, the principal stresses along the principal direction z, σZ, 
are assumed to be close to zero. Based on this assumption, it is possible to determine the 
remaining principal stresses, σX and σY, calculated through Rietveld refinement. 
3.6 Hardness measurements 
Conventional hardness measurements were performed using a micro-Vickers hardness tester, 
from Shimadzu Corporation (University of Waterloo, Canada). Indentations were made along 
the cross-section of the weld and compared to those on the base material. The load for each 
indentation was of 300 g and the hold time was kept at 20 s. 
Additionally, indentation load vs indentation depth measurements were made, using a Nanovea 
M1 hardness tester (University of Waterloo, Canada). Three sets of loads of 20, 30 and 38 N 
were applied in the fusion zone and base material. Both loading and unloading rates were set at 
60, 85 and 120 N/min for each applied load, respectively. A flat tip head with 100 µm diameter 
was used as indenter. 
3.7 Mechanical testing 
3.7.1 Tensile tests 
Tensile tests to rupture of the welds were conducted at room temperature using an Autograph 
Shimadzu AG50kNG machine (CENIMAT/i3N, Portugal), equipped with a load cell type SFL-50 kN 
AG, for the similar NiTi joints. An Instron model 5548 micro-tensile tester (University of 
Waterloo, Canada) was used for the dissimilar joints of NiTi to Ti6Al4V and for the similar 
CuAlMn welds. The measurement accuracy is of ± 1 µm and of ± 0.5 µm, respectively. The gauge 
length of the specimens varied from 20 (to NiTi/Ti6Al4V and CuAlMn welds) to 30 mm (for 
NiTi/NiTi joints). Uniaxial tensile tests of the similar NiTi butt welded joints were performed with 
single loading until rupture in a previous work [93]. From these, the ultimate tensile strength 
and deformation to rupture were recorded. All these tests were performed at displacement 
speed of 2 mm/min. 
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3.7.2 Cycling tests 
Cycling behavior of the welded joints was also assessed using the same equipment described 
before. For the NiTi/NiTi joints, a total of 600 mechanical cycles alternating between 8 and 10% 
strain (as depicted in Table 2) was imposed, while for the CuAlMn joints a total of 10 load/unload 
cycles up to 5% strain was chosen. 
Table 2 – Alternated cycling routine imposed to the NiTi laser welded samples 
Stage number Maximum imposed strain [%] Number of cycles 
1 10 60 
2 8 60 
3 10 60 
4 8 60 
5 10 360 
Number of cycles if the sample did not break: 600 
 
3.7.3 Shape memory effect evaluation 
The shape memory effect of the laser welded NiTi butt joints was assessed by means of bending 
tests. A special device, built in AISI 316L stainless steel, allowed bending of the samples to 180⁰ 
[93]. The curvature radius was of 12.5 mm and the sample was positioned in such a way that the 
weld bead was in the mid part of the bent region (as shown in Figure 20). In these conditions, 
the welded samples were bent up to 4% strain. Prior to bending, the material, alongside with 
the device, were placed in liquid nitrogen to ensure that, bending of the samples occurred in the 
martensitic condition. After bending, the sample was removed from liquid nitrogen and left to 
freely recover to ambient conditions. The permanent deformation angle, Ω, was measured 
under a binocular magnified using a protractor with a resolution of 0.5⁰, when the samples were 
in equilibrium with the room temperature. This procedure was repeated four times, alternating 
the surface of the weld facing the bending device. This means that the weld face and root were 
under compressive and tensile stress conditions alternately. A schema of the shape memory 
effect bending tests is depicted in Figure 20. Samples A, B, D and E were analyzed. 
  
Figure 20 – a) Schematic illustration of the shape memory effect tests performed on laser welded NiTi plates; b) 
device for bending the samples; c) sample being bent. 
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4. Results and Discussion 
4.1 Similar Laser Welding of NiTi Shape Memory Alloys 
In this section, the effects of laser welding on the microstructure of similar laser welded NiTi 
joints are presented and discussed. The mechanisms that justify observed microstructural 
features are discussed. Additionally, the mechanical and functional properties, namely the 
shape memory effect and superelasticity, presented by the welded joints are also analyzed and 
correlated to the microstructure of the welded materials. Residual stresses created by the weld 
thermal cycle were also measured using synchrotron radiation based diffraction and are 
discussed. 
4.1.1 Microstructural Characterization by Optical Microscopy 
Figure 21 depicts the optical macrographs of samples A and C. While the base material has a fine 
grain structure, in the heat affected zone and, especially, in the fusion zone, a coarse grained 
structure is observed. While the heat affected zone presents coarse equiaxed grains, in the 
fusion zone columnar grains are observed. The effect of the heat input on the extension of the 
thermally affected regions is notorious: higher heat input (sample C) leads to a higher extension 
of both heat affected and fusion zones. It can be also observed that the width of the face of the 
fusion zone is significantly larger than its root. This suggests that both conduction and keyhole 
modes occurred during welding. Other authors have also observed mixed welding modes 
occurring in laser welding [36]. 
 
Figure 21 – Optical microscopy of laser welded NiTi joints: a) sample A; b) sample C. 
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The effect of the heat input introduced during welding is clear in these macrographs: higher heat 
input (sample C), leads to a higher extension of both heat affected and fusion zones, when 
compared to sample A, which had lower heat input. 
Owing to the characteristics of laser welding, the thermally affected regions have reduced 
extensions, when compared to other welding techniques such as Tungsten Inert Gas (TIG). 
4.1.2 Microstructural Characterization by Differential Scanning Calorimetry and 
Dilatometry Measurements 
Differential scanning calorimetry (DSC) and dilatometry measurements are often used to 
determine the transformation temperatures of shape memory alloys. 
Figure 22 depicts the DSC curve of the fusion zone of sample D. Similarly to the base material, 
upon cooling a two-step transformation is observed. However, the second transformation peak, 
usually associated with R-phase to martensite transformation, is shifted to higher temperatures. 
Additionally, the temperature range where this peak occurs is smaller in the fusion zone than in 
the base material (-50 and -25 ᵒC for the fusion zone vs -110 and - 50 ᵒC for the base material). 
Upon heating, a two-step transformation is clearly observed, in opposition to the one-step 
transformation which occurred for the base material. In can also be observed that the high 
temperature peaks in both cooling and heating ramps are asymmetric. If the fusion zone had 
fixed transformation temperatures, symmetrical and well-defined peaks would be expected. 
However, this is not the case, as observed in Figure 22. Thus, such feature may be associated to 
a gradient of transformation temperatures in the fusion zone, thus contributing to the observed 
asymmetry. 
 
Figure 22 – Differential scanning calorimetry of the fusion zone of sample D. 
What can be perceived from these DSC measurements it that the thermal behavior of the fusion 
zone itself cannot provide information regarding the transformation temperatures of this 
region. This is due to the presence of a gradient of transformation temperatures, which arise 
from a gradient of chemical compositions, within the fusion zone. This gradient contributes to 
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the asymmetric peaks obtained by DSC, preventing to perform a correct analysis of the 
transformation temperatures of the fusion zone. 
Similar information can be obtained from the dilatometry measurements (Figure 23) obtained 
during the use of the dilatometer for the in-situ X-ray diffraction measurements. It can be 
observed that the variation of the length is not a linear function of temperature as it would be 
expected if a single phase existed within that temperature range. As a matter of fact, small 
variations in the linearity of the length vs temperature of the welded samples are observed 
throughout the tested temperature range. This means that multiple transformations, from 
martensite presented in both heat affected and fusion zones to austenite, are occurring. Such 
results are in line with what was observed from the DSC measurements.  
 
Figure 23 – Dilatometry measurements of sample B. 
4.1.3 Microstructural Characterization using Synchrotron-based X-ray Diffraction 1 
From the DSC and dilatometer measurements presented previously it can be inferred that a 
microstructural gradient is present in these laser welded NiTi joints. Both these techniques are 
not able to provide a localized analysis of a given region of the welded material. As such, in order 
to obtain a detailed characterization of the microstructure in the different regions of the joints 
advanced characterization techniques, which have high spatial resolution, are required. To have 
a complete microstructural characterization of both heat affected and fusion zones, and 
compare them with the base material, synchrotron-based X-ray diffraction was performed. In 
the configuration used, it was possible to fine probe the different regions of the welded material 
as it is presented next. 
                                                          
1 The below results (section 4.1.3) were already published in a paper in the journal Shape Memory 
and Superelasticity, entitled On the Mechanisms for Martensite Formation in YAG Laser Welded 
Austenitic NiTi.  
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Figure 24 a) depicts three diffractograms of different regions of the welded material: base 
material, heat affected and fusion zones. Figure 24 b) shows the superimposition of the 
diffractograms, at room temperature, of a laser welded NiTi joint. A clear districting between 
the base material and the thermally affected regions is noticed: while the base material is fully 
austenitic, both the heat affected and fusion zones present a mixture of austenite and 
martensite. Broadening of the austenite peak, which may be associated with the presence of 
precipitates is marked with an arrow. 
 
Figure 24 – a) Typical diffractograms of the base material (BM), heat affected zone (HAZ) and fusion zone (FZ) of a 
laser welded NiTi joint; b) Superimposition of diffractograms of sample B at room temperature, showing the base 
material, heat affected zone and fusion zone. 
In order to understand the mechanisms responsible for the formation of martensite, at room 
temperature, in the heat affected and fusion zone, while the base material remains fully 
austenitic, the discussion is carried on analyzing separately each region. Such separation is 
needed as the mechanisms that are responsible for this microstructural modifications have 
different origins, despite leading to the same final results: thermal stabilization of martensite in 
the thermally affected regions. 
4.1.3.1 Existence of Martensite in the Heat Affected Zone 
The superimposition of the diffractograms at the different regions of sample B, at room 
temperature, is depicted in Figure 24 b). Only one sample is analyzed as the structural 
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modifications which occurred due to the weld thermal cycle is similar in all welded samples. As 
such, the formation mechanisms of martensite in the heat affected zone will also be similar on 
different welds. 
From Figure 24 b), it can be observed that, aside from the presence of martensite peaks in the 
heat affected and fusion zones, with an intensity decrease in the austenite peak in these regions, 
a broadening of the (110) austenite peak can be noticed on the right-hand side of this peaks. 
This broad peak, marked with an arrow in Figure 24 b), occurs in a strip of powder patterns 
corresponding to the heat affected zone only. 
In the neighborhood of the (110) austenite peak several martensite peaks are expected to occur. 
However, aside from martensite, precipitates from the Ti-Ni system, such as Ni4Ti3, are also 
expected to exist. Either one of these phases, martensite and/or Ni4Ti3, might justify this 
singularity. 
In order to confirm which one of these hypotheses – presence of martensite or precipitates – 
was responsible for the broad peak observed near the austenite peak, the sample was heated 
up to 150 ᵒC and in-situ X-ray diffraction was performed in a similar way as in Figure 24 b). The 
reason for such approach is that 150 ᵒC is well above the Af temperature of the base material. 
As such, any remaining martensite, in the heat affected and fusion zone, will transform to 
austenite. However, 150 ᵒC is not enough to promote the dissolution of the Ti-Ni-based 
precipitates, meaning that if the broad peak is not present at that temperature it can be assigned 
to martensite. Otherwise it must be assigned to a given precipitate. 
The superimposition of the diffractograms obtained at 150 ᵒC is depicted in Figure 25. It can be 
observed that the martensite peaks in both the heat affected and the fusion zone have 
completely disappeared, while the broad peak on the right-hand side of the austenite peak is 
still present (marked with a black arrow in Figure 25). As such, the only possibility to explain this 
feature is by the occurrence of precipitation phenomena in the heat affected zone. 
For Ni-rich NiTi, precipitation of Ni4Ti3, Ni3Ti2 and Ni3Ti is possible to occur. Ni4Ti3 and Ni3Ti2 are 
metastable precipitates [94,95], while Ni3Ti is the equilibrium precipitate [96]. It is also known 
that Ni4Ti3 is the first precipitate to occur, at lower temperatures and shorter permanence times. 
The Time-Temperature-Transformation (TTT) diagrams for NiTi are scarce. A detailed TTT 
diagram was presented by Nishida et al. [14]. However, the effect of different temperatures on 
the precipitation phenomena occurring for short periods of time (magnitude of few minutes or 
less) was not considered. Pelton et al. [15] presented a more recent TTT diagram for NiTi with 
focus on shorter required times for the onset of the precipitation phenomena. Additionally, 
Pelton et al. used an alloy with the same composition as the one used as base material for this 
investigation. In both TTT diagrams available, it is possible to infer that Ni4Ti3 precipitation may 
occur. In Pelton’s diagram it is more clearly depicted that Ni4Ti3 precipitation may occur while 




Figure 25 – Superimposition of diffractograms of sample B at 150 ᵒC, showing the base material (BM), heat 
affected zone (HAZ) and fusion zone (FZ). 
Owing to the weld thermal cycle at which the joints are subjected, it is expected that only Ni4Ti3 
precipitates should be formed, as for the formation of Ni3Ti2 and Ni3Ti longer permanence times 
are required.  
In order to simulate the temperature gradient in the material due to the welding operation, the 
2D solution from the Rosenthal equation (Eq. 1) was used. The 2D solution can be used in the 
situations of single-pass welding of thin materials or when full penetration keyhole occurs [33]. 
𝑇 − 𝑇0 =
𝑄
2𝜋 𝑘 𝑔
𝑒(𝑣 𝑥 2⁄ 𝛼)𝐾0 [
𝑣 𝑟
2𝛼
] … … … … … … … … … … … … … … … … … … … … … … … … 𝐸𝑞. 1 
The parameters of this equation are the following: 
T – given temperature, in K, for a point in the (x, y) space; 
T0 – is the room temperature, in K; 
Q – is the heat input, in J m-1 ; 
g – is the plate thickness, in m; 
v – is the welding speed, in m s-1; 
α – is the thermal diffusivity, in m2 s-1; 
K0 – is a modified Bessel function of the second kind and zero order; 
r – is the radial distance (𝑟 =  √𝑥2 + 𝑦2). 
The reference system used to compute the temperature gradient is shown in Figure 26. It must 
be noticed that it is assumed that all the energy in transferred to the material, however, this 




Figure 26 – Reference system used to determine the temperature gradient in the welded joint (adapted from 
[47]). 
The temperatures reached for sample B in the heat affected zone, computed using the welding 
parameters chosen for this sample and the physical properties of NiTi, are depicted in Figure 27. 
It is also possible to compute the permanence time that the material takes to cross the 
temperature range between 350 and 500 ᵒC where Ni4Ti3 precipitation may occur. This time, in 
seconds, is presented in Figure 28. It can be observed that the permanence time for such 
precipitation phenomena is within the time interval determined by Pelton et al. [15] in their 
experiments. Due to the characteristics of laser welding, the holding time at temperatures 
where precipitation phenomena can occur is within the magnitude of a few seconds. 
 
Figure 27 – Evolution of the surface temperature as a function of the distance of the weld beam along the y-axis, 




Figure 28 – Holding time, in the heat affected zone, at a temperature range of 350 to 500 ᵒC where Ni4Ti3 
precipitation may occur, for sample B. 
As Ni4Ti3 is a minority phase, its intensity in the diffractograms is expected to be very low when 
compared to the observed martensite and austenite. Additionally, the most intense peak for this 
precipitate, according to 39-1113 JCPDF card, occurs for an interplanar distance of 2.092 Å, 
which is very close to the austenite peak and therefore can be partially overlapped by its tail. 
The remaining peaks of Ni4Ti3 have a maximum intensity ranging from 15 to 30 % of the most 
intense one. 
In order to clarify if the Ni4Ti3 peaks were present in the diffractograms of the heat affected 
zone, a post-weld heat treatment at a temperature of 450 o C, during 60 minutes, was performed 
in sample B. The objective of such post-weld heat treatment was to induce a more significant 
Ni4Ti3 precipitation so that more peaks of this precipitate could be distinguished. After a longer 
period in the temperature range for Ni4Ti3 precipitation, these precipitates should be clearer in 
the X-ray diffraction patterns, as their intensity is higher due to a higher fraction in the analyzed 
regions. Also, their appearance should be consistent with the peak positions identified in the 
heat affected zone of the as-welded material (Figure 24 b and Figure 25), giving then a clear 
indication that these precipitates were well indexed. 
Figure 29 a) and c) depicts the diffractograms of the heat affected zone of sample B, at room 
temperature and 150 ᵒC, respectively. Both martensite (M) and austenite (A) can be clearly 
observed at room temperature, but at 150 o C very narrow Ni4Ti3 (N) peaks can be depicted, aside 
from the austenite peak. 
After heat treatment at 450 ᵒC for 60 minutes, R-phase (R), as well as austenite and martensite, 
are observed at room temperature (Figure 29 c). The diffractograms of sample B at room 
temperature and at 150 ᵒC (to avoid the presence of any martensite or R-phase peaks), after the 
post-weld heat treatment, is shown in Figure 29 d). The broadening of the (110) austenite peak 
is still visible and three extra peaks, corresponding to Ni4Ti3, are observed. All these three peaks 
were indexed using the same 39-1113 JCPDF card corresponding to Ni4Ti3.  
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As it can be depicted, the Ni4Ti3 peaks located on the left-hand side of the austenite peak have 
still very low intensity after the heat treatment. So, the fact that these peaks have extremely 
reduced intensity at 150 ᵒC in the as-welded sample is understandable, as the permanence time 
in the temperature range from 350 to 500 ᵒC after welding is not sufficient for a significant 
precipitation phenomena to occur. 
 
Figure 29 – Diffractograms of heat affected zone of sample B: a) at room temperature (before and after heating 
to 150 ᵒC), as-welded; b) at 150 ᵒC, as-welded; c) at room temperature, after post-weld heat treatment at 450 ᵒC 
for 60 minutes; d) at 150 ᵒC after post-welded heat treatment at 450 ᵒC for 60 minutes. 
Due to the occurrence of Ni-rich precipitates, in this case Ni4Ti3, there is a Ni depletion in the 
surrounding matrix [1]. This Ni depletion raises the transformation temperatures. As a 
consequence of this local compositional variation of the matrix, martensite can be formed at 
room temperature. 
No changes were observed in the X-ray diffraction patterns of the as-welded sample at room 
temperature and 150 ᵒC (Figure 29 a). As such, it can be concluded that the observed martensite 
is not originated by thermal stresses from welding. If martensite was originated due to the 
thermal stresses, it would be expected that the intensity of these peaks, at room temperature, 
would have decreased after heating to 150 ᵒC. 
4.1.3.2 Existence of Martensite in the Fusion Zone 
The fusion zone also exhibits martensite at room temperature, as depicted in Figure 24. It was 
stated by Hyungson et al. [97] that, within the keyhole, the temperature may exceed the boiling 
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point of the material, thus causing an intense evaporation. At those temperature, Ni and/or Ti 
volatilization may occur. 
In order to understand which of these elements, Ni or Ti, was more prone to evaporation at high 
temperatures (above Ni and Ti melting point), the vapor pressure for each element was 
computed.  For such calculation, Equation 2 was used: 
log 𝑝 = −
𝐴
𝑇
+ 𝐵 + 𝐶 log(𝑇) … … … … … … … … … … … … … … … … … … … … … … … … … … . . 𝐸𝑞. 2 
Where: 
p – is the vapor pressure, in Pa; 
T –is the temperature, in K; 
A, B and C – are constants given in Table 3. 
Table 3 – Constant parameters used for calculating the vapor pressure of Ni and Ti above their melting 
temperature (Tm) [98]. 
Temperature range Element Constant values 
A B C 
Above Tm Ni 22400 16.95 -2.01 
Ti 23200 11.74 -0.66 
From Figure 30 it can be observed that the vapor pressure of Ni is about two times higher than 
that of Ti. For this reason, in case of evaporation, Ni depletion will occur in the fusion zone. 
Despite the use of shielding gas to prevent oxidation, evaporation of elements with high 
pressure vapor can occur during welding. Though these losses may be very small, they can be 
sufficient to locally change the chemical composition in the fusion zone. As Ni-rich NiTi shape 
memory alloys are extremely sensitive to compositional variations, it is expected that, based on 
these results a Ti enrichment occurs in this region. This reasoning is consistent with the existent 
of martensite at room temperature in the fusion zone as shown by X-ray diffraction. 
 
Figure 30 – Vapor pressure as a function of temperature for Ni and Ti. 
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Although martensite is observed in both the heat affected and fusion zones after welding, while 
the base material is fully austenitic, the mechanisms that explain the formation of this phase at 
room temperature are quite distinct. In the heat affected zone, precipitation phenomena, 
namely of Ni4Ti3, originates a Ni depletion of the surrounding matrix. In the fusion zone 
preferential Ni volatilization also causes Ni depletion.  As such, this compositional variation is 
responsible for a change in the transformation temperatures, allowing for martensite to be 
stable at room temperature. 
4.1.4 Functional Properties of the Similar Laser Welded NiTi Joints 
The tensile behavior of these joints was previously studied in [93]. The ultimate tensile strength 
of these NiTi joints ranged between 482 and 637 MPa, while the elongation to fracture ranged 
between 10.6 and 12.1 %. 
Shape memory alloys attract significant attention owing to their functional properties: 
superelasticity and shape memory effect. As such, when joining NiTi it is expected that the 
welded joints are able to preserve these properties so that they can be used in functional 
applications. In the following sections, the superelastic behavior and shape memory effect of 
the NiTi joints is assessed and discussed. 
4.1.4.1 Superelastic Behavior of NiTi Laser Welded Joints Subjected to High Strain and Long Duration 
Cycling 2 
Despite the superelastic behavior of NiTi welds was studied previously, such studies have only 
analyzed a low number of mechanical cycles and low applied strains [44,99,100]. Understanding 
the influence of laser welding on the functional fatigue in terms of the superelastic effect is of 
major importance, as may boost the application of these joints to both structural and functional 
applications. Additionally, for structural applications, it is often required that the selected 
materials are able to withstand severe conditions, that is, high applied strains and/or high 
number of cyclic solicitations.  
The superelastic behavior of these joints was analyzed for a total of 600 load/unload cycles up 
to 10% strain, which are, up to now, the most demanding conditions found in the literature. 
The cycling behavior of samples A, B and C is evidenced in Figure 31, showing only a selected set 
of load/unload cycles. Sample A fractured after 303 cycles in the base material due to a pre-
existing defect in this region. As such, the welding procedure did not have any influence on the 
fracture behavior of this sample. 
It can be noticed the great resistance of the welded joints when subjected to a load/unload 
cycling with very large alternating strains (8 and 10 %). In particular, samples B and C were able 
to withstand the entire programmed cycling test without fracture. 
                                                          
2 The below results (section 4.1.4.1) were already published in a paper in the journal International 





Figure 31 – Cycling behavior of: a) sample A; b) sample B; c) sample C. 
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The superelastic plateau on the first cycle occurs at roughly 350 MPa, similar to that of the base 
material. Additionally, samples B and C were successfully cycled 600 times, at a stress level 110 
to 130 MPa below their ultimate tensile strength. In sample B a very small plateau at low stress 
level (≈ 30 MPa) detected at the initial stages of the cycling protocol. Such feature is attributed 
to the presence of residual R-phase. However, as the cycling test proceeded, the R-phase 
transformation was suppressed. 
It is known that in an ideal superelastic behavior, a complete strain recovery could be obtained 
in NiTi for strains up to 10 % [1]. However, both testing conditions and materials parameters 
may give raise to a non-complete ideal superelastic behavior. For example, the temperature at 
which the tests are performed, the strain rate imposed [101,102], the maximum applied strain 
[103], the effect of thermo-mechanical treatments [104] and the grain size of the material are 
all known to influence the superelastic response of this material. 
The superimposition of the X-ray diffraction patterns of samples A, B and C are depicted in Figure 
32. As it was already shown, the base material is fully austenitic, while the thermally affected 
zone has both austenite and martensite. The effect of the heat input on the extension of these 
thermally affected regions is evidenced: higher heat input leads to a more significant extension 
of both heat affected and fusion zones. Some large variations of the diffraction peaks intensity 
can be observed and are the result of the coarse grain structure in the heat affected and fusion 
zones. 
As superelasticity is dependent on the amount of austenite available for the stress induced 
transformation to occur, the presence of martensite at room temperature will have implication 
on the functional behavior of these joints upon mechanical cycling. It is expected that the 
superelastic recovery of the joints decreases with increasing martensite fraction in the thermally 
affected regions. 
The presence of martensite in both the heat affected and fusion zones of the welds brings 
particular features to the cyclic response of the material. As the individual presence of each 
phase is responsible for a unique contribution regarding the strain recovery upon unloading 
during cyclic solicitation, the presence of both phases in the welded material must be considered 
when analyzing these mechanical cycling tests. 
For the martensitic phase, it is well known that the cyclic behavior is extremely dependent on 
the applied strain [105,106]. In this phase, as soon as the plateau for the detwinning of 
martensite is reached, an irrecoverable strain is expected to occur. This irrecoverable strain 
should correspond to the difference between the applied strain and elastic deformation of 
martensite. However, one must notice that, as long as the applied stress is not enough to 
promote dislocation slip, a significant, if not full, recovery of the applied deformation can occur 
by heating the material above Af, triggering the shape memory effect. 
Previously, Tuissi et al. [57] suggested that the thermally affected regions of their NiTi laser 
welds had a softening effect, lowering the stress level of the plateau exhibited by the welded 
material. Despite the base material was fully austenitic at room temperature, in the thermally 
affected regions austenite was not yet fully transformed, similarly to what was observed in this 





Figure 32 – X-ray diffraction patterns of NiTi joints: a) sample A; b) sample B; c) sample C. BM – base material; 
HAZ – heat affected zone; FZ – fusion zone. 
49 
 
During the cyclic solicitation at high applied strains used in this investigation, the existing 
martensite in both the heat affected and fusion zones are detwinned and upon unloading a 
significant irrecoverable strain is observed. 
The evolution of the accumulated irrecoverable strain for the analyzed samples is exhibited in 
Figure 33. It can be observed that a significant amount of accumulated irrecoverable strain 
occurs at the end of the first cycle of load/unload. This feature can be explained by the presence 
of martensite in the heat affected and fusion zones and is explained in more detail further into 
this section of Results and Discussion. 
Load/unload tensile tests performed by Wada and Liu [106] on martensitic NiTi evidenced that, 
for applied strains of 8 %, the recoverable strain upon unloading to a zero stress condition, was 
about 1 %, corresponding to the elastic deformation of martensite. Deformation beyond 8 % 
strain would result in dislocation slip. In the laser welds tested during this investigation with the 
presence of martensite, aside from austenite, the evolution of the accumulated irrecoverable 
strain can be explained as follows: for the sample with higher heat input (sample C), a higher 
amount of martensite is present. Thus, a higher irrecoverable strain will occur for this sample 
associated to the detwinning of the existing martensite, as well as some dislocation slip due to 
high strain imposed. For samples with lower heat input, the irrecoverable strain tends to be, 
correspondingly, lower. 
 
Figure 33 – Evolution of the accumulated irrecoverable strain with the number of cycles for each analyzed 
sample. 
Miyazaki et al. [107] showed that under superelastic cycling of NiTi, dislocations and other lattice 
defects are introduced during the stress induced transformation and tend to pile-up with 
increasing number of cycles. As a consequence, an increase in the accumulated irrecoverable 
strain after each cycle occurs. For these cycling tests it can be assumed that part of the 
accumulated irrecoverable strain is due to the introduction of dislocations during the stress 
induced transformation. These defects do not allow for the stress induced martensite to revert 
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to austenite upon unloading leading to a stabilization effect of martensite. This stabilization 
effect phenomena is dealt in a separate section to clarify its origin and mechanisms. 
It can also be noticed that the superelastic plateau slope changed significantly due to strain-
hardening and corresponding increased dislocation defects occurring during the cycling tests. 
With increasing number of mechanical cycles, the accumulated irrecoverable strain increases up 
to a point where a stabilization plateau is reached as observed in Figure 33 for samples B and C. 
The great resistance of the welds under superelastic cycling at high strains, is also inferred from 
the fact that the joints were cycled close to their ultimate tensile strength (110 to 130 MPa 
below). 
The effect of the grain size in the different regions of the welds cannot be neglected, especially 
in the thermally affected regions. Compared to the base material, both the heat affected and 
the fusion zones exhibit a coarse grain structure as evidenced previously in Figure 21. For NiTi, 
it is known that the larger the grain size, the lower the superelastic recovery [108]. This means 
that the grain structure in the thermally affected regions also contribute to the accumulated 
irrecoverable strain presented by the laser welded NiTi joints. 
4.1.4.1.1 Martensite Stabilization During Superelastic Cycling 3 
In the previous sub-section, the superelastic behavior of the NiTi joints was presented and 
discussed based on their microstructure. As stated before, the accumulated irrecoverable strain 
increases significantly in the early stages of cyclic deformation and onwards it tends to stabile 
to a fixed value. 
The presence of martensite, alongside with austenite, in both the heat affected and fusion 
zones, with the remaining material austenitic, may justify this feature. In particular, the 
martensite formed in the as-welded material should undergo detwinning as a consequence of 
the imposed deformation of 10 %, thus contributing significantly to the accumulated 
irrecoverable strain. On the other hand, it is expected that due to the introduction of the 
dislocations, which are known to occur during cycling solicitation of austenitic NiTi, some of the 
stress induced martensite may not transform back to austenite upon unloading. The formation 
of this retained martensite would be due to the blockage of the reverse martensitic 
transformation upon unloading. Also, with increasing amount of retained martensite, less 
austenite is available to ensure superelasticity, thus the strain recovery of the material would 
reduce as the number of successive number of load/unload cycles increases. 
In either case, martensite detwinning or formation of retained martensite, the same 
phenomenon occurs: martensite stabilization. The difference is that in the former it occurs from 
thermal martensite by reorientation of martensite variants [109]. In the latter case, the 
introduction of dislocations during mechanical cycling, makes the reverse transformation to 
require an increased driving force [110], thus preventing the return to austenite upon unloading. 
                                                          
3 The below results (section 4.1.4.1.1) were already published in a paper in the journal Materials 
Letters, entitled Martensite Stabilization During Superelastic Cycling of Laser Welded NiTi Plates.  
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Usually both these two effects are studied separately. However, owing to the microstructure of 
these laser joints it is reasonable to assume that both effects contribute to martensite 
stabilization and to the increase of the accumulated irrecoverable strain exhibited by the welds. 
In order to analyze the martensite stabilization effect, three different welded NiTi joints were 
analyzed by means of synchrotron X-ray diffraction. These samples were welded with the same 
parameters as sample B to keep consistency between the observed results. One sample was as-
welded (sample reference W0, where W = weld, 0 = number of mechanical cycles); one sample 
had a total of 4 load/unload cycles at 10 % strain (sample reference W4); one sample sustained 
the entire cycling routine presented previously (sample reference W600). 
The diffractograms of all samples are shown in Figure 34. Comparing samples W0 and W4 a 
notorious microstructural evolution is observed: the intensity of the martensite peaks, in the 
thermally affected regions, greatly increases in the latter sample. As a result of the augmented 
intensity of the martensite peaks in these regions, the austenite peak intensity decreases. 
Additionally, the base material starts to present some evidence of martensite peaks. 
After 600 mechanical cycles Figure 34 c), there are no significant differences in the 
microstructure of the heat affected and fusion zones when compared to the sample cycled 4 
times. Only a slight increase in the martensite peak intensity was observed. The most significant 
change occurs in the base material, near the heat affected zone, where martensite is now clearly 
visible. Such evidence is more clear when analyzing the evolution of the net height of the 
austenite and martensite peaks (the latter located at d = 2.17 Å) along the welded material, as 
depicted in Figure 35. 
From the analysis of both Figure 34 and Figure 35, it is observed that prior to any mechanical 
solicitation, the welded material presents a mixture of both martensite and austenite in the 
thermally affected regions. Such martensite is thermally stabilized due to the weld thermal cycle 
as explained previously. Despite austenite can undergo a reversible stress induced 
transformation up to 10 % strain [1], the same does not occur with martensite. In the martensitic 
state, any applied stress/strain after the onset of the detwinning plateau will generate a given 
irrecoverable strain [111]. As mechanical cycling of the welds was performed up to 10 %, as far 
as thermal martensite is concerned, no recovery upon unloading would be expected. 
As was also referred before, aside from the stabilization of thermal martensite during 
mechanical cycling, another stabilization phenomenon occurs: stabilization of the stress-
induced martensite [111,112]. Previously, Delville et al. [113], showed that, during superelastic 
cycling of austenitic NiTi, significant accumulated irrecoverable strain could occur as a 
consequence of the introduction of dislocations along the cycling path. Later, Sedmak et al. [114] 
used in-situ X-ray diffraction analysis with synchrotron radiation on the same material as 
Delville. It was observed that the accumulated irrecoverable strain increased at each 
load/unload cycle, but only after the 4th cycle evidence of retained martensite was found. In an 
ideal superelastic behavior, upon unloading, the stress induced martensite would fully transform 
back to austenite with no irrecoverable strain. As the residual martensite starts to accumulate 
(or being stabilized), build-up of the residual stresses and generation of dislocations during 




Figure 34 – X-ray diffractograms of sample B: a) as-welded; b) after 4 cycles at 10 % strain; c) after the full cycling 
routine (600 cycles). Intensity in log scale. 
Analyzing Figure 35 it can be observed the main difference between samples W4 and W600: in 
the base material, close to the heat affected zone, more stabilized martensite in found in sample 
W600. Moving into the base material, away from the fusion zone, this stabilization effect 
decreases and finally ceases to exist. 
Despite the gauge length of the samples used for the cycling tests was of 30 mm, only a length 
of 6 mm was probed by means of X-ray diffraction. However, within the probed length it is 
possible to obtain detailed information on the microstructural evolution of the welded joints as 
a result of the cycling tests. With such information, it was possible to highlight the two different 
mechanisms of stabilization of martensite, which are relevant to further understand the 




Figure 35 – Evolution of the net height from the austenite peak (top) and for the martensite peak located at 
d = 2.17 Å (bottom) along sample B. 
One must take in consideration that, in theory, it is possible to reverse this stabilization effect 
by triggering the shape memory effect, enabling the transformation of martensite to austenite. 
Up to now no other study have evidenced simultaneously both types of martensite stabilization 
occurring within the same material. 
4.1.4.2 Shape Memory Effect of the Similar Laser Welded NiTi Joints 4 
The shape memory effect is other functional property typical of shape memory alloys. Similarly 
to superelasticity, when processing these materials is of major importance to ensure that this 
propriety is preserved. In this section the shape memory effect exhibited by laser welded NiTi 
joints is presented and discussed. 
Despite some martensite was found in the thermally affected regions, the remaining base 
material was fully austenitic. For this reason it was necessary to cool down the welds so that 
                                                          
4 The below results (section 4.1.4.2) were already published in a paper in the journal Functional 
Materials Letters, entitled Shape memory effect of laser welded NiTi plates.  
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only martensite was present in the material. To promote this phase transformation the welds 
were dipped in liquid nitrogen and bent 180 ᵒ, as explained in the Materials and Methods 
section. Samples A, B, D and E, with different values of heat input were analyzed. 
The ability for martensitic NiTi to recover its initial shape through shape memory effect varies 
between 8 and 10 %. The strain of 4 % applied during bending was clearly below the maximum 
possible range for the shape memory effect to be fully activated, hence it would be expected 
that these welded joints fully recover their initial shape upon heating to austenite. 
As heating of the sample was made only up to room temperature some martensite existent in 
the thermally affected regions after the welding procedure would not transform into austenite. 
However, the presence of martensite at room temperature in these regions was not enough to 
prevent the complete recovery of the initial shape of all the laser welded specimens. This means 
that the permanent deformation angle, Ω, which was previously defined in the Materials and 
Methods section, was of 0ᵒ for all the analyzed welds. Thus, the austenite that coexisted with 
martensite in the heat affected and fusion zones was responsible to ensure that these regions 
did not contribute to a permanent deformation of the material. 
It is worth noting that the welds were able to fully resist to a sequence of four different 
bending/recovery cycles, during which the shape memory effect was evaluated, causing 
alternating tensile/compressive stresses in the weld. 
During the free recovery of the welded samples to room temperature, two different angles were 
recorded over time. One, δ, related to the overall recover of the samples (designated as “Global” 
angle), and another, ψ, related to the recovery of the heat affected and fusion zones (designated 
as “HAZ + FZ” angle). These angles were measured by taking two straight lines, tangents to the 
regions of interest as depicted in Figure 36. 
These results, over time, for sample A, are shown in Figure 37. It should be noticed that the 
measurement of both angles only started roughly 15 second after taking the samples out of the 
liquid nitrogen and place them over a table to freely recover. For that reason the dashed lines 
represent an extrapolation of the shape memory behavior over that lapse of time, taking in 
consideration that, immediately after the samples are removed from the liquid nitrogen, they 
are bent at a 180 ᵒ angle. Of particular interest is that both the heat affected and fusion zones 
recover faster their initial shape than the base material. 
Despite it is known during the shape memory effect dislocations can be introduced [115], it is 
apparent that during the evaluation of this property, these dislocations were not sufficient to 






Figure 36 – Schema for determination of the angles in the different regions of the welded material as different 
times (not to scale). 
 
Figure 37 – Evolution of recovery angle over time for sample A. 
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From these results, it can be concluded that the laser welds present excellent shape memory 
recovery properties, which is defined by a permanent deformation angle of 0 ᵒ after freely 
recover to room temperature. The welding parameters did not had any influence on the shape 
memory effect of the analyzed welds. Even the presence of martensite, at room temperature, 
in the thermally affected regions, did not inhibited the complete recovery of initial shape. This 
is especially relevant for possible industrial applications that may require the use of laser welded 
NiTi joints. 
4.1.5 Residual Stress Analysis in Similar Laser Welded NiTi Joints 5 
Due to localized heating, during welding thermal stresses are known to occur. These thermal 
stresses can then origin residual stresses in the welded joint and distortions or even premature 
failure of the weld can occur. 
In fusion based processes, such as laser welding, the gradient of peak temperature followed by 
a variation in heating and cooling rates along a weld will originate residual stresses in the weld 
region and its neighborhood  [116,117]. A wide variety of factor affects the welding residual 
stress field: materials properties, welding process parameters, pre-heating temperature (if any) 
and dimensions of the structure to be welded as well as imposed external restrain conditions 
are some examples [118]. 
Residual stresses can occur due to a structural mismatch or by an uneven distribution of 
nonelastic strains. The aforementioned thermal stresses caused by the localization of the 
heating source originates non uniform temperature distributions in the weld itself and 
surrounding medium [119]. Additionally, the molten zone shrinks during solidification and this 
shrinkage is constrained by the surrounding cooler material [120]. In the presence, during 
cooling, of any phase transformations with associated volume change, it is possible to 
compensate the tensile contraction stresses that occur in the fusion zone, as long as the phase 
transformation is associated with a volume expansion and not contraction. 
Residual stresses are always present after welding. However, post-weld heat treatments are 
usually performed to decrease their magnitude and increase the joints mechanical performance. 
Measuring residual stresses can be performed by destructive, like the hole drilling method, or 
non-destructive methods using X-ray diffraction methods. Residual stress measurements by 
means of X-ray diffraction analysis can be performed using laboratorial sources, which have low 
energy X-rays, or in dedicated facilities, known as storages rings. Using laboratorial sources only 
allows for the determination of residual stresses in a restrict thickness of the welded material, 
usually in the order of the dozen of micrometers, owning to the low energy X-rays. In opposition, 
in synchrotron facilities, such analysis can be performed throughout the material, as the 
available energy of the X-rays is considerably higher: up to 300 keV, allowing for the analysis of 
samples up to 10 mm thick. 
                                                          
5 The below results (section 4.1.5) were already published in a paper in the journal Materials & Design, 
entitled Residual Stress Analysis in Laser Welded NiTi Sheets Using Synchrotron X-ray Diffraction 
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As described in the Materials and Methods section, Rietveld refinement was used to determine 
the σX and σY residual stresses. Samples A and F were chosen to be analyzed as they had 
significantly different values of heat input.  
The variation of the 2ϴ peak positions of the (110) austenite peak, which is the most intense for 
the NiTi system, in both analyzed welds is depicted in Figure 38 for three distinct regions of the 
welded material (base material, heat affected zone and fusion zone). Figure 38 a) and d) 
correspond to the base material and show that the 2ϴ peak position of the (110) austenite peak 
does not vary significantly along the azimuthal angle. In the heat affected (Figure 38 b) and e) 
the variation is more notorious and is impaired in the fusion zone (Figure 38 c) and f). It must be 
noticed that in the thermally affected regions has high intensity peaks due to the coarse grain 
structure in these regions. 
 
Figure 38 – Variation of the 2ϴ peak position of the (110) austenite peak along the azimuthal angle ϕ, for sample 
A (top) and F (bottom). a) and d) correspond to the base material; b) and e) correspond to the heat affected zone; 
c) and f) correspond to the fusion zone. 
After performing Rietveld refinement, good agreement in position, width and intensity between 
in the calculated and experimental patterns was observed (Figure 39), indicating a good fitting. 
The calculated principal residual stresses of the austenitic phase, σX and σY, for the analyzed 
welded samples are depicted in Figure 40. Considering both samples, it can be observed that 
the σX residual stresses in the heat affected zone range from approximately 10 to 105 MPa. In 
the fusion zone, these tensile residual stresses reach up to 135 MPa, for the sample F. 
An inversion of the stress state is noticed when approaching the fusion zone from the heat 
affected zone: the σY residual stresses are always compressive in the heat affected zone, but 





Figure 39 – Calculated and measurement diffraction patterns: a) in the base material, where only austenite (A) is 
present; b) in the fusion zone, where both austenite and martensite (M) are present. 
 
Figure 40 – Calculated residual stresses for samples A and F: a) σX; b) σY. 
Comparing the residual stresses along the principal directions of the same welded sample, it can 
be observed that the absolute value of the residual stresses is higher along the y axis than along 
the x axis. Such feature occurs due to the fact that, during welding, a constraint was applied 
along this direction in order to guarantee a good fit-up throughout the full weld length. As such, 




Of particular interest is the stress relief phenomenon marked with an arrow in Figure 40. Such 
stress relief occurs in both the principal directions of the system. Due to this stress relief 
phenomenon, along the longitudinal direction an inversion from compressive to tensile residual 
stresses in the base material is observed. Along the transversal direction, the opposite occurs: 
the tensile residual stresses in the base material change to a compressive state. This inversion 
of this stress states can be justified due to the fact that no distortions were observed after 
welding, meaning that an overall equilibrium was achieved in the welded material.  
The stress relief effect observed in the base material occurs in the regions that have been heated 
up to temperatures below 350 ᵒC. As such, the residual stresses magnitude in these regions 
decreases due to the fusion welding process, reverting the effects of work hardening with no 
change on the grain structure of the material. 
The effect of higher heat input in sample F, gives rise to a higher magnitude of the residual 
stresses in the different regions of the weld (heat affected and fusion zones), in either the 
principal directions, when compared to sample A. Such effect of the heat input on the magnitude 
of the residual stresses was also identified by other authors [121]. 
Another consequence of the higher heat input introduced in sample F is that the stress relief 
phenomena in the base material occurs at a longer distance from the weld centerline, when 
compared to sample A. Such feature is evident in Figure 40, where the stress relief phenomenon 
is seen to occur in a region about 0.2 mm wider than in sample A. 
The von Mises stresses can be obtained from the principal stresses determined using Rietveld 
analysis. The evolution of the von Mises stresses along the welded materials is depicted in Figure 
41. For sample F, in a localized region of the heat affected zone, the von Mises stress reaches a 
maximum value of 357 MPa. This value is within the range of the critical stress for the martensitic 
transformation of these joints, which varies between 335 and 375 MPa. However, in the 
remaining regions of the material, the von Mises stresses are below this range. 
 
Figure 41 – Evolution of the von Mises stresses for samples A and F. 
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The residual stresses were also determined for the martensite in both the heat affected and 
fusion zones. However, the calculated residual stresses for this phase ranged 
between - 6 and + 8 MPa, which can be negligible considering the magnitude of the residual 
stresses found for the austenitic phase. The reason for this to occur is related to the mechanical 
properties of austenitic and martensitic NiTi. The former has a higher Young’s modulus than the 
latter. As such, the load is predominantly transferred to the “harder” material, which is 
austenite. Additionally, the martensite in the Ni-Ti system has a lower constant stress plateau 
than austenite, which enables stress relaxation of the neighboring austenite. 
As the maximum residual stresses found for the austenite are below the stress required for the 
stress induced transformation it can be inferred that the existing martensite occurs due to 
thermal factors and not due to mechanical ones. 
Rietveld analysis performed on the synchrotron radiation based X-ray diffraction data enable to 
determine the residual stress of NiTi laser welded joints along two of the principal direction of 
the system. The higher heat input of sample F gave origin to a higher magnitude of the residual 
stresses, when compared to sample A. Additionally, a stress relief effect was seen to occur in 
the work hardened base material, as a consequence localized heating below 350 ᵒC in this 
region. 
4.1.6 Effect of Laser Welding on the Phase Fraction of Austenite and Martensite in the 
Thermally Affected Regions 
Aside from the determination of residual stresses, Rietveld refinement can also be used for 
phase quantification [122]. Owing to the presence of both martensite and austenite in the 
thermally affected regions, while the base material is fully austenitic, it is important to 
determine the amount of each phase in the different regions of the weld. 
Figure 42 depicts the evolution of both austenite and martensite phase fractions in the heat 
affected and fusion zones of samples A and F. It can be observed a clear difference between the 
austenite phase fraction in the heat affected zone and in the fusion zone. While in the former 
the austenite phase fraction ranges between 80 and 96 % (corresponding to a range between 
4 and 20 % for martensite), in the latter, a significant decrease of the volume fraction to 
austenite is observed (close to 50 %). 
 
Figure 42 – Austenite and martensite phase fractions in the thermally affected regions of samples A (a) and F (b). 
HAZ – heat affected zone; FZ – fusion zone. 
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The reason for this abrupt variation in both the austenite and martensite phase fractions is 
related to the mechanisms that originate martensite, which were presented previously. In the 
fusion zone, the Ni depletion due to preferential Ni evaporation over Ti is significantly more 
important than the Ni depletion caused by Ni4Ti3 precipitation in the heat affected zone. For this 
reason, the transformation temperatures in the fusion zone were higher than in the heat 
affected zone, allowing for a more massive presence of martensite, when comparing both 
regions. 
The differences in martensite and austenite phase fractions between the two analyzed samples 
were not significant, with those differences ranging around 5 % between them. 
4.1.7 Effect of Post-weld Heat Treatments on the Microstructure of the Similar Laser 
Welded NiTi Joints 
As stated previously, post-weld heat treatments are a common method to change the 
microstructure of welded structures in order to improve their mechanical performance, reduce 
the residual stresses or change the stable microstructure of the material. 
Figure 43 depicts the superimposition of the diffraction of the laser welded NiTi joints after three 
distinct post-weld heat treatments. These were performed at 350, 400 and 450 ᵒC for 
60 minutes. It can be observed that the post-weld heat treatments promoted a more uniform 
distribution of the existing phases (which are shown in Figure 44) throughout the welded 
samples. The uniformity of this distribution is evident by the non-existence of a clear distinction 
between the base material and the thermally affected regions. 
 
Figure 43 – Superimposition of diffractograms of laser welded NiTi joints after post-weld heat treatments at: a) 
350 ᵒC, for 60 minutes, in sample C; b) 400 ᵒC, for 60 minutes, in sample B; c) 450 ᵒC, for 60 minutes, in sample E. 
BM – base material; HAZ – heat affected zone; FZ – fusion zone. 
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The existing phases after the aforementioned post-weld heat treatments are austenite, 
martensite, R-phase and Ni4Ti3 (Figure 44). 
The existence of R-phase in the base material, as well as in the thermally affected regions, can 
be justified by the presence of Ni4Ti3 precipitates, which are known to assist the formation of 
this phase [12]. Additionally, the presence of these precipitates can be beneficial because 
particle hardening increases the yield strength of austenite, which in turn contributes to better 
functional stability, as less dislocations are formed during mechanical and/or thermal cycling 
[13] The presence of Ni4Ti3 precipitates is more evident after the post-weld heat treatment at 
450 ᵒC, as evidenced by broadening of the peak, which is marked by an arrow in Figure 43 c).  
The presence of martensite in the base material has occurred due to Ni depletion of the matrix 
caused by Ni4Ti3 precipitation, which raised the transformation temperatures. Nonetheless, such 
Ni depletion was not yet sufficient to inhibit the presence of austenite at room temperature 
 




4.2 Dissimilar Laser Welding of NiTi to Ti6Al4V Using Niobium Interlayer 6 
In this section the mechanisms that allow joining between NiTi and Ti6Al4V using a Nb interlayer 
are presented and discussed. Microstructural analysis of the two joining interfaces (NiTi/Nb and 
Ti6Al4V/Nb) is presented in order to assess the effect of laser welding on the originated 
microstructures. Finally, the mechanical behavior of the dissimilar joints is analyzed. 
4.1.1 Microstructural Characterization 
In order to obtain sound NiTi/Ti6Al4V joints, two key factors were essential: use of the Nb 
interlayer and positioning of the laser beam. When no interlayer was used solidification cracking 
occurred regardless of the laser beam positioning. That is, impinging the laser beam either on 
the NiTi or Ti6Al4V base materials or at the contact interface had no influence on minimizing the 
risk of solidification cracking phenomena observed after welding. The reason for the occurrence 
of the cracks is due to the formation of brittle intermetallics compounds, such as Ti2Ni [81]. 
It was thus apparent that, reducing or avoiding the formation of these undesired phases was of 
major importance to succeed in obtaining sound NiTi/Ti6Al4V welds. When the Nb interlayer 
was placed in between the two base materials, it was chosen to position the laser in the Ti6Al4V 
base material. The reason for such a choice is based on the fact that NiTi suffers a more 
pronounced degradation of its properties at high temperatures than the Ti6Al4V base material. 
However, the relative position of the laser beam was also of great influence: when it was placed 
too close to the Nb interlayer the beam was reflected and no joint was formed; when it was 
positioned far away from the interface the heat was not enough to promote joining between 
NiTi and Niobium, although joining between Ti6Al4V and Nb was observed. 
Only when the laser beam was positioned at 250 µm from the joint interface on the Ti6Al4V 
base material, joining was achieved. Cross section of the weld during FIB milling is shown in 
Figure 45. With the Niobium interlayer correctly positioned and with proper welding 
parameters, defect-free joints were obtained (Figure 46). Some porosity is observed in Figure 
45, but this was created during FIB of the specimens as there was no porosity prior to the 
preparation by FIB. 
 
Figure 45 - Scanning electron image of the dissimilar NiTi/Ti6Al4V joint using Nb interlayer. 
                                                          
6 The below results (section 4.2) were already published in a paper in the journal Acta Materialia, entitled 




Figure 46 - Scanning electron microscopy of the interface between Niobium and the two base materials. The 
white squares mark the areas prepared by FIB for TEM analysis. 
Owing to the significant difference in the melting temperature of the base materials involved 
(1310, 1660 and 2477 ⁰C for NiTi, Ti6A4lV and Niobium, respectively), this laser welding 
procedure resulted in melting of only NiTi and Ti6Al4V. The bulk Nb interlayer remained in the 
solid state. 
Necking was observed in the fusion zone of the Ti6Al4V side (Figure 45). Wetting of the Niobium 
by the Ti base material, evidenced in Figure 45, may be the principal contributing factor to the 
observed necking. Other authors have also reported similar non-symmetrical weld pools when 
welding Ti6Al4V to Niobium by laser or electron beam welding. The reason pointed out for this 
occurrence is related to the higher melting point and thermal conductivity of 
Niobium (52.3 W m-1 K-1 [98], vs 18 [123] and 6.6 W m-1 K-1 [124]  of NiTi and Ti6Al4V, 
respectively). One final factor that explains the necking is related to the material loss by 
vaporization, as the laser beam was directly impinging this region of the base material. 
The remaining of the discussion is now focused at analyzing, separately, each one of the two 
regions identified in Figure 46. That is, the microstructural features observed in region A, 
corresponding to the Ti6Al4V/Nb interface are first analyzed and discussed, followed by the 
NiTi/Nb interface, in region B. 
4.1.1.1 Ti6Al4V/Nb interface 
As a result of the good wettability of the liquid Ti on the Niobium, the liquid phases were able 
to incorporate Niobium and promote its diffusion as a result of convection currents. As β-Ti and 
Niobium have full solubility in one another, solid state diffusion of Ti into the Niobium also 




Figure 47 – STEM image and EDS line scan across the Ti6Al4V/Nb interface (top). The red line depicts the EDS line 
scan performed and the results are shown on the bottom. 
A (Ti, Nb) region, with a width of 30 nm, was formed at the interface of the fusion zone and the 
Niobium interlayer. Diffusion of Niobium into the liquid Ti was seen to occur at a distance of at 
least 200 nm. Mixing occurred thoroughly in the melt due to convection currents and the 
Marangoni effect [35]. The content of Ti, Al and V in this (Ti, Nb) region were seen to decrease 
when compared to the Ti base material. The overall composition in the (Ti, Nb) region, 
determined by point EDS, was of 47.7Ti-46.2Nb-2.9Al-3.3V (wt. %). 
The addition of Nb in Ti-based alloys acts as a β-stabilizer and promotes solid-solution 
strengthening [125]. A minimum of 36 wt. % of Nb is required to stabilize the β phase at room 
temperature [91]. Computing the Al and Mo equivalency [91] (equations 3 and 4, respectively) 
of the region formed between the liquid Ti and the Nb interlayer, indicates that it should be β 
metastable at room temperature. Ti-based alloys with Al equivalency below 3.0 wt.% and Mo 
equivalency above 11.7 wt.% are considered to be of the  β-type. 
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Electron energy loss spectroscopy (EELS) was performed on the Ti6Al4V/Nb interface (Figure 
48). With such technique it is possible to obtain a finer spatial distribution of the elements at 
the interface. The mean free path of diffusion of each element into a given region is limited by 
the temperature achieved during welding and the available time for diffusion to occur [33]. The 
difference in composition and the high heating and cooling rates characteristic of the pulsed 
laser welding process have contributed to the lack of mixing in the (Ti, Nb) region with the bulk 
of the fusion zone. At the interface of the (Ti, Nb) region and the Nb interlayer, a sharp 
discontinuity in the Ti content is observed. This indicates that no significant diffusion of Ti into 
the interlayer has occurred due to the short time of the joining process. 
 
Figure 48 – STEM image and EELS line scan across the Ti6Al4V/Nb interface (top). The red line depicts the EELS 
line scan performed and the results are shown on the bottom. 
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4.1.1.2 NiTi/Nb interface 
A typical eutectic microstructure is observed at the NiTi-Nb interface (Figure 49). Similar NiTi-Nb 
eutectic microstructure was previously observed by Grummon et al. when brazing NiTi to pure 
Niobium [126]. The authors have suggested that a quasi-binary isopleth exists between the 
intermetallic NiTi and pure Niobium. In the Ni-Ti-Nb ternary phase diagram, the eutectic 
isotherm is 140 °C below the congruent melting point of NiTi (1310 °C). Spontaneous melting 
occurred with the pure Niobium being in intimate contact with the NiTi base material at high 
temperatures. Upon solidification two distinct phases were formed: austenitic NiTi and bcc-Nb 
[127]. 
From the quasi-binary NiTi-Nb phase diagram (Figure 49) it is expected that, in conditions close 
to equilibrium, the first liquid to form has a composition similar to the eutectic point at 
Ni38Ti36Nb24. However, the fast heating and cooling characteristic of pulsed laser welding prevent 
the occurrence of equilibrium conditions. Region A from Figure 49 was identified as the un-
melted NiTi base metal. Near this region, a proeutectic zone (region B) which terminated in 
bulbous projections was observed. Selected area diffraction (SAD) was performed in these 
regions and indexing the SAD image confirmed the presence of the austenitic NiTi phase (Figure 
50). 
 




Figure 50 – a) High angular annular dark field image of the NiTi-Nb interface with a region where selected area 
diffraction (SAD) was performed; b) Indexed SAD image. 
The majority of the joint was composed by a lamellar eutectic solidification structure as seen in 
region C of Figure 49. With the use of STEM in High Angle Annular Dark Field (HAADF) mode it is 
possible to distinguish between light (i.e. NiTi) and heavy (such as Nb) elements [128]. EDS 
mapping of eutectic microstructure confirmed that the dark regions in Figure 51 were Nb lean, 
while the light regions were Nb rich. 
 
Figure 51 – High angular annular dark field image of the eutectic microstructure with EDS analysis point indicated. 
The black spots were identified as impurities. 
Table 4 – Results of EDS analysis on the NiTi + Nb eutectic microstructure, with positions indicated on Figure 51. 
Point Atomic content (%) 
Ni Ti Nb 
P1 51.7 38.1 10.2 
P2 12.5 22.8 64.7 
On the left-hand side of Figure 49 un-melted Niobium grains were identified. Significant grain 
boundary penetration around these Niobium grains was also observed and is presented in more 
detail in Figure 52. The faster diffusion along these paths resulted in the eutectic reaction 
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propagating along the grain boundaries instead of through the bulk. Other binary systems have 
shown similar behavior: in the Ni-W system, Tungsten has a significantly higher melting point 
than Nickel, resulting in grain boundary penetration of Ni-W eutectic along the W grain 
boundaries [129]. 
 
Figure 52 – Grain boundary penetration of NiTi into the Niobium grains. Color legend: green – Nb purple – Ni; 
Red – Ti. 
Two different joint mechanisms were identifies for the NiTi/Nb/Ti6Al4V joint. Fusion welding 
was used to join Ti6Al4V to Nb. Niobium experienced dilution and was incorporated into the 
Ti6Al4V weld pool. A (Ti, Nb) region was formed upon solidification as a thin layer along the Nb 
interface to the minimal mixing with the bulk fusion zone. The Nb interlayer acted as heat sink 
as a consequence of its high thermal conductivity, absorbing a significant amount of energy from 
the Ti6Al4V side of the joint and transferring it to the NiTi side. This heat transfer was enough 
to promote a temperature raise to at least 1170 °C so that contact melting between NiTi and 
Niobium occurred and a joint between these two materials was formed.  
Dissimilar joining between NiTi and Ti6Al4V did not occur when no interlayer was present, 
further suggesting that the eutectic reaction was responsible for joining at the NiTi/Nb interface. 
As expected from the NiTi-Nb phase diagram, no intermetallic compounds were observed in the 
solidified joint. The high melting point of the Niobium interlayer ensured that the bulk of the Nb 
remained in the solid state during welding, successfully stopping mixture of the two base 
materials. 
4.1.2 Mechanical behavior of the welded joint 
Tensile tests were performed on the joints made with the Niobium interlayer, with the laser 
offset into the Ti6Al4V base material, to assess its tensile strength. A typical stress-strain curve 
of these joints is depicted in Figure 53. As mentioned previously, dissimilar joining between NiTi 
and Ti6Al4V did not occur when no interlayer was used, even when the laser was offset into the 
NiTi base material. Additionally, when using a Nb interlayer, sound joints are only obtained when 




Figure 53 – Stress-strain curve of NiTi to Ti6Al4V weld using Niobium interlayer. 
An average tensile strength of 300 MPa and an elongation to fracture of nearly 2.0 % was 
measured. These results were a significant improvement on the joints made without the 
Niobium interlayer, which were unable to be tested because fracture occurred during removal 
from the welding fixture. The tensile strength of pure Niobium ranges between 250 and 350 
MPa, so the joint strength matched the maximum theoretical strength of the interlayer. 
Other authors have shown similar values of tensile strengths [82], despite using a Copper 
interlayer, which has better mechanical properties than Niobium. However, the tensile strength 
of the Niobium interlayer was below the critical stress for the stress-induced martensitic 
transformation in NiTi (usually around 400 MPa).  
The joint strength can be improved through further optimization of the joining parameters, 
including joint fit-up, laser peak power and pulse width. This work shows that a high melting 
point interlayer can be used to achieve a defect-free joint between NiTi and Ti6Al4V. If a similar 
interlayer was identified as possessing a higher ultimate tensile strength, then the joint strength 
could be increased to accommodate the superelastic effect typical of austenitic NiTi shape 
memory alloys. 
Fracture surfaces of the welded specimens revealed a mostly brittle fracture morphology on the 
Ti6Al4V fusion zone (Figure 54). The Niobium interlayer was torn during fracture, leading to the 
Ti6Al4V and the NiTi fracture surfaces having both the fusion welded and eutectic bonded 
regions of the joint. 
The NiTi side of the joint had more ductile dimples from the eutectic phases formed, while the 
Ti alloy side had more brittle cleavage features from the fusion zone. Hydrogen or oxygen pick-
up by the Ti6Al4V weld pool could have contributed to the brittle characteristics of the fracture 
surfaces [130,131]. The grain boundary penetration of the Niobium interlayer by the eutectic 
reaction with NiTi can reduce the ductility of these regions, thus contributing to the observed 




Figure 54 – Fracture surface on the Ti6Al4V side (a) and on the NiTi side (b) of the welded joint. 
In summary, defect-free dissimilar laser welding of NiTi to Ti6Al4V was achieved using a Niobium 
interlayer. The following are the major conclusions that can be drawn: 
- Niobium acted as a barrier to mixing of the two base materials, preventing thus the formation 
of brittle intermetallics, while ensuring joining at both interfaces. When no interlayer was used 
dissimilar joint between NiTi and Ti6Al4V did not occur; 
- The average tensile strength and elongation of the joints with the Nb interlayer was 300 MPa 
and 2%, respectively. This tensile strength matched that of the Niobium interlayer; 
- At the Ti6Al4V/Nb interface, dissolution of Nb into the liquid Titanium occurred. A thin (Ti, Nb) 
region with an average chemical composition of 47.7Ti-46.2Nb-2.9Al-3.3V (in wt. %) was 
identified at the interface of the Niobium interlayer and the fusion zone.  
- At the NiTi/Nb interface, intimate contact between NiTi and Niobium promoted joining due to 
a eutectic reaction; 
- To obtain a sound joint precise control of the position of the laser with respect to the interlayer 
was crucial. If the beam was positioned far away from the interlayer, eutectic melting in the 
NiTi/Nb interface did not occur. On the other hand, when the beam was positioned too close to 




4.3 Similar Laser Welding of CuAlMn Shape Memory Alloys 
In this section, the effect of laser welding parameters on the microstructure and mechanical 
properties of superelastic Cu-17Al-11.4Mn (at. %) alloy is discussed. Additionally, post-weld laser 
treatment was performed and its effect on the processed material is compared to both non-
processed and as-welded materials. 
4.3.1 Microstructural Characterization by Optical Microscopy 
For the selected welding parameters used for the CuAlMn alloy (described in section 3.2), full 
penetration was attained and no welding defects were observed (Figure 55). Microstructural 
analysis by optical microscopy of the welded material, revealed that the base material had a 
bamboo-like microstructure (Figure 56), with grain size ranging from 1 to 2 mm in length. The 
fusion zone was constituted by fine columnar (near the base material) and equiaxed grains (in 
the center of this region). In this latter region, the grain size ranged from 15 to 80 µm (Figure 
57). The different colors observed in the base material grains and inside the fusion zone are 
related to differences in grain orientation.  
 
Figure 55 – Optical micrograph of the microstructure of the laser welded CuAlMn alloy. The dotted lines indicate 
the base material grain boundaries. 
 
Figure 56 – Optical micrograph of base material. The dotted lines indicate the base material grain boundaries. 
No heat affected zone was observed after welding. Similar observations were previously 
reported in laser welded NiTi [50,58]. The absence of this thermal affected region was attributed 
to the effect of higher temperature heat treatments performed on the base material prior to 
welding. As such, the weld thermal cycle was not enough to promote any further microstructural 




Figure 57 – Optical micrograph of the fusion zone. The dotted line indicate the fusion boundary. 
No precipitates were observed in the base material and the fusion zone with the magnifications 
used for the optical microscopy performed. The high cooling rates associated to laser welding 
[33] ensured that any possible precipitation phenomena, namely of the α phase, were 
suppressed. For the CuAlMn alloy, the presence of the α phase is detrimental for the superelastic 
effect, as this phase does not exhibit superelasticity. As such, to take advantage of the 
superelastic effect after welding, α phase free welds must be ensured. 
4.3.2 Microstructural Characterization by Energy Dispersive X-ray Spectroscopy, 
Conventional Hardness Measurements and Indentation vs Load Measurements 7 
To characterize the compositional variation within the base material and in the fusion zone, 
energy dispersive spectroscopy measurements were performed at 1/3 and 2/3 of the wire 
thickness. A total of 12 duly spaced spots in each line were analyzed, with 4 of them in the fusion 
zone. No significant compositional changes were observed.  In fact, the average chemical 
composition of the fusion zone did not differ significantly from that of the base material 
composition. These results are presented in Table 5. Although, it is known that, for NiTi shape 
memory alloys, laser welding can promote preferential volatilization of certain elements, this 
was not the case for the welding parameters chosen to weld the CuAlMn alloy. 
Table 5 – Average EDS measurements in both base material and fusion zone of the laser welded CuAlMn alloy. 
Region Cu [%] Al [%] Mn [%] 
Base material 72.48 ± 2.21 16.16 ± 1.89 11.37 ± 1.31 
Fusion zone 71.92 ± 2.65 16.44 ± 2.31 11.64 ± 1.71 
Hardness measurements were performed at half thickness of the welded wire, starting in the 
base material, going through the fusion zone and finishing on the base material again. Some 
scattering on the hardness measurements was observed (Figure 58), but the average values 
within each zone are similar. In the base material the average hardness was of 263.9 ± 6.5 HV, 
while in the fusion zone this value slightly dropped to 258.4 ± 8.1 HV. Hardness measurements 
                                                          
7 The below results (sections 4.3.1, 4.3.2 and 4.3.3) were already published in a paper in the journal 
Materials & Design, entitled Laser Welded Superelastic Cu-Al-Mn Shape Memory Alloy Wires. 
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performed on the superelastic CuAlMn alloy by other authors have shown similar results [133]. 
From our measurements it was also confirmed that no heat affected zone existed after welding 
of the material, as expected from microstructural observation performed by optical microscopy. 
 
Figure 58 – Hardness measurement along the welded material (total of 18 analyzed spots). 
To get a more clear mechanical characterization of both base material and fusion zone, load-
displacement indentation tests were performed (Figure 59). As the indenter tip was of 100 µm, 
when the measurements were made in the fusion multiple grains were captured at each 





Figure 59 – Indentation curves in the fusion zone and in the base material for different applied loads. 
When the applied loads were of 20 and 30 N, similar behavior was exhibited by both base 
material and fusion zone: the penetration depth for the applied load was similar and, upon 
unloading, the same residual penetration depth was recorded. When the maximum applied load 
was increased to 38 N, the fusion zone revealed a softer behavior, that is, the penetration depth 
for the maximum applied load was higher than for the base material. The increased ductility 
observed in the fusion zone, for the applied load of 38 N, occurred due to the reduction in grain 
size from the bamboo-like original microstructure to the fine grained one of this region. Upon 
unloading, the residual penetration depth was similar for both regions. 
4.3.3 Characterization of the Mechanical Properties 
The stress-strain curves of both base material and welded wire are depicted in Figure 60. These 
tensile curves are similar to one another, with both specimens requiring the same average stress 
for the onset of the stress induced transformation.  
Usually, when welding other shape memory alloys like NiTi, there is a decrease in either the 
onset for the stress-induced transformation and/or in the tensile strength or elongation at 
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fracture [134–136]. This occurs due to grain growth phenomena in both heat affected and fusion 
zones. However, in the laser welded CuAlMn alloy that was not the case. Due to the massive 
grain size of the base material, obtained using high temperature heat treatments, only the fusion 
zone had its microstructure changed (to micrometer range sized grains). As a consequence of 
the aforementioned heat treatment, no heat affected zone was evidenced as a consequence of 
the weld thermal cycle. As such, the microstructural differences between base material and 
weld are restricted to the fusion zone of the weld, hence no significant differences were 
observed in the tensile behavior of both base material and welded joints. 
 
Figure 60 – Stress-strain curves of both base material and welded wires. 
The superelastic strain is defined as the macroscopic strain from which the elastic contribution 
was subtracted [137] assuming no plastic deformation exists. In the superelastic CuAlMn alloy, 
the superelastic strain increases with the increase of the d/D ratio (where d is the grain size and 
D the wire diameter). Additionally, with increasing d/D, there is also an increase in the free 
surface grain boundary area, thus reducing the constraining strain imposed by the neighboring 
grains. In the fusion zone, the average number of grains per unit volume was considerably higher 
than in the base material, which lead to an increase in the constraint strain. Nonetheless, no 
significant changes were observed in the tensile properties of the welded wires. This 
phenomena is probably due to the reduced extension of the fusion zone relatively to the 
remaining non-affected base material. That is, volume fraction ratio between fusion zone and 
base material is very small, thus no significant differences in the superelastic strain were 
observed. 
During tensile testing, necking of the fusion zone was observed. However, fracture occurred in 
the coarse grained base material far away from the possible influence of the weld heat input. 
The occurrence of necking in the fusion zone but, with fracture in the base material, may be 
related to the grain structure of the base material. It is known that Cu-Al-base shape memory 
alloys are prone to intergranular cracking [23]. As the grain boundaries of the base material are 
predominantly perpendicular to the direction of solicitation during tensile testing, any crack that 
forms will propagate in a catastrophic manner inside this region. On the other hand, the fine 
grained microstructure in the fusion zone is less prone to intergranular cracking. A schematic 
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representation, depicting the region where fracture occurred in the welds, is shown in Figure 
61. 
 
Figure 61 – Schematic representation the fracture along a grain boundary in the base material of the laser welded 
CuAlMn alloy (not to scale). 
Analysis of the fracture surfaces of both base material and welded specimens revealed the same 
characteristics as fracture occurred in the same region (non-affected base material for the 
welds). Ductile-like fracture, with presence of dimples is depicted in Figure 62, corresponding to 
the fracture surface of a welded specimen. As such, no influence of the welding process was 
observed on the fracture characteristics of the laser welded specimens.  
 
Figure 62 – Fracture surface of the welded specimen observed by scanning electron microscopy. Fracture 
occurred in the base material. 
In NiTi laser welds, fracture occurs in the thermal affected regions as a consequence of the 
localization of strain in the softened material [57]. However, that was not the case for this 
singular CuAlMn alloy  
The analysis of the cycling behavior of both base material and welds was performed. A total of 
10 load/unload cyclic solicitations, up to 5% strain, were imposed to the specimens. As the 
superelastic CuAlMn alloy is intended to be used in systems subjected to load variations, such 
as in seismic structural applications or in biomedical components that move with the body, it is 
required to understand their behavior under cycling loading/unloading. 
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The cycling behavior of the base material and weld are depicted in Figure 63. From these results 
it is observed that the start of the martensitic transformation had higher values than those 
recorded during tensile tests. These cycling tests were performed with “wire 2”, as explained in 
the Materials and Methods Section (section 3.2), while “wire 1” was used for the tensile tests. 
As the stress to induce the martensitic transformation is dependent on the ratio of the grain size 
to wire diameter and on the crystallographic orientation of the grains, any slight change in the 
base material original microstructure will give raise to a change in the mechanical behavior of 
the material. This is the reason why higher stress values for the start of the martensitic 
transformation are observed in both base material and welded specimen during cycling tests. 
 
Figure 63 – Cycling behavior of: a) base material; b) weld. 
The most significant difference between base material and weld during the cycling tests was the 
evolution of the irrecoverable strain and the absorbed energy for each cycle, which is related to 
the hysteretic loop (Figure 64). The use of the superelastic effect in applications, usually requires 
that the cycling behavior along a given load/unload path is stabilized after a given number of 
cycles. This stabilization effect occurs in shape memory alloys due to dislocation motion 
inhibition, which occurs as a results of a microstructural evolution. Both base material and 
welded specimen converged to a stabilized superelastic response after a low number of cycles, 
with the latter converging faster. The welded specimen tends to stabilize faster than the base 
material due to rapid plastic buildup, which is related to the constriction of the transformation 
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by the surrounding grains. In terms of design of applications, it is of major importance to 
understand when a given welded material presents a stabilized mechanical response. As such, 
it is clear that, for damping applications (for example), where joining technologies for the 
superelastic CuAlMn are required, laser welding is a suitable choice owing to the mechanical 
properties presented by these joints. 
 
Figure 64 – Evolution of the irrecoverable strain and absorbed energy with the number of cycles for the base 
material and weld. 
Kato et al. also analyzed the cycling behavior of Cu-Al-Mn single crystals [138]. Similarly to the 
cycling deformation behavior of these laser welded CuAlMn alloys, the single crystals 
convergence to a stabilized irrecoverable strain response occurred in the early cycles of 
deformation. Additionally, the majority of the plastic strain occurred in the first load/unload 
cycle and the onset stress for the stress induced transformation decreased with the number of 
successive cycles.  
From this first investigation on laser welding of the CuAlMn alloy some conclusions can be 
drawn: 
- The superelastic CuAlMn alloy presents excellent weldability. As such, new possibilities for the 
use of complex shaped component of this material in damping applications (or others) may be 
envisaged; 
- The tensile properties of the welded material were similar to those of the base material; 
- During tensile tests, fracture of the welds occurred always in the base material. Fracture 
occurred in a ductile way. No influence of the laser procedure was evidenced on the fracture of 
the material; 
- Some significant differences were observed when comparing the cycling behavior of the base 
material to the laser welds: the irrecoverable strain of the weld in the first load/unload cycle is 
more than twice that of the base material; the absorbed energy of the weld is smaller than that 
of the base material; 
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- The laser welds tended to stabilize to a fixed value of the irrecoverable strain after a smaller 
number of cycles than that of the base material. This is of major importance for applications 
where a controlled actuation is required. 
4.3.4 Effect of Post-weld Laser Processing on Superelastic Cu-Al-Mn Shape Memory Alloy 8 
Post-weld heat treatments are a recurring practice in order to improve the mechanical 
properties and/or the microstructure of welded joints. Following laser welding of the 
superelastic Cu-Al-Mn shape memory alloy, post-weld laser processing was performed. The aim 
of such post-weld treatment was to improve the mechanical properties and damping capacity 
of the as-welded material. This is especially important as these materials are currently being 
studied for possible application in seismic devices [139]. As such, welding can be an effective 
joining method to obtain complex shaped structures and these must possess excellent 
mechanical properties, so that they can withstand the imposed solicitations in service. 
As referred in section 3.2.1, post-weld laser processing was performed using the same welding 
parameters as for the welding experiments. A total of 48 spots, corresponding to 10 mm in 
length, were laser spot processed with a formation of a fusion zone at each one of those spots. 
Aside from the as-welded material, laser processing was also performed on the original base 
material to compare the differences with the post-weld laser processes samples.  
Tensile curves of the base material (BM), as-welded (AW), as-processed (AP) and post-weld laser 
processed (PWP) are depicted in Figure 65. The most remarkable observation is the significantly 
higher tensile strength presented by samples AP and PWP when compared to BM and AW ones. 
Also, the critical stress for the stress-induced transformation in the laser processed samples 
increased to nearly 200 MPa, in opposition to the 100 MPa at which the martensitic 
transformation starts for the base material and welded samples. 
The reason for this significant increase of the critical stress for the onset of martensitic 
transformation is related to the microstructural changes induced by the laser processing on both 
AP and PWP samples. Similarly to the microstructure of the fusion zone in the CuAlMn laser 
welded joints, the laser processed region presents the same microstructural features, with 
micrometer sized grains (15 to 80 µm, as observed in Figure 66). This is understandable, as the 
parameters for laser processing matched those used for laser welding, so in each place where 
the laser impinged the CuAlMn alloy, the microstructure would resemble that of the fusion zone 
of the CuAlMn laser welds. On the non-affected base material the grain size ranged between 1 
and 2 mm in length. As a result of the significant increase in grain density in the laser processed 
samples, an increase in the transformation stresses occurred. Other Cu-based shape memory 
alloys have been found to present a similar behavior [140].  
                                                          
8 The below results (section 4.3.4) were already published in a paper in the journal Materials & Design, 





Figure 65 – Tensile curves of base material, as-welded, as-processed and post-weld laser processed CuAlMn 
samples. 
 
Figure 66 – Optical micrographs of: a) non-affected base material; b) laser processed region. The dotted lines 
indicate the base material grain boundaries. 
What can be also observed from the tensile tests is that there are no significant differences 
between both AP and PWP samples. During these tensile tests, fracture of the AP and PWP 
samples have been seen to occur in the base material, similarly to what has happened in the as-
welded samples. Fracture in the base material has typical ductile-like characteristics, 
characterized by a massive presence of dimples, as shown previously (Figure 62). 
In order to analyze the fracture surface of the laser processed region, another PWP sample was 
tested to failure. However, in this case, the gauge length was set so that fracture could only 
occur in this region. The fracture surface morphology of the PWP sample is shown in Figure 67, 
and similarly to what was observed in BM and AW samples, ductile-like characteristics are 
observed. 
Laser processing of the CuAlMn shape memory alloy replaces the originally massive bamboo 
structure by and equiaxed grain structure in the regions where the laser impinges the material. 
In fact, the AP and PWP have exactly the same microstructure throughout the laser processed 
region, hence the similar mechanical behavior observed during tensile tests to fracture. For this 
reason, only the cycling behavior of the PWP sample was assessed and compared to both the 




Figure 67 – Fracture surface of the post-weld laser processed sample. 
 
Figure 68 – Cycling behavior of: a) base material; b) as-welded; c) post-weld laser processed CuAlMn samples. 
84 
 
It can be observed that the PWP sample presented a stabilized hysteretic response after the 
second load/unload mechanical cycle: the shape of the stress-strain curve did not differ 
significantly from the second cycle onwards. A similar effect was also identified in the BM and 
AW samples. 
As a consequence of the laser processing, it can be assumed that two distinct regions exist in a 
given sample: the non-affected base material, which possesses a significantly large bamboo-like 
grain size, and the processed region, constituted by a micrometer sized grains. As referred in the 
Introduction section, the superelasticity of the CuAlMn alloy is dependent on the grain size, d, 
and wire diameter, D. It is the intentionally massive grain size of the original base material which 
provides the best superelastic properties for this material. Accordingly, the two different regions 
in the laser processed sample will bring a distinct overall mechanical behavior. Figure 69 depicts 
the expected mechanical behavior of the two regions: the original bamboo structure and the 
fine grain structure resulting from laser processing. The effect of smaller grain size on the Cu-Al-
Mn alloy is evidenced by a raise in the critical stress for the martensitic transformation. Also, the 
superelastic strain recovery of this region is lower. As such, then both processed and non-
processed regions are loaded individually, it is expected that a large superelastic strain is 
accommodated by the bamboo structure, before the finer grained laser processed region starts 
to be strained extensively. 
As a result of the lower stress of the beginning of the superelastic plateau, and due to significant 
ability to deform at constant stress level, the non-processed base material is relaxing the 
imposed stresses on the material. 
 
Figure 69 – Schematic representation of the expected mechanical behavior of the processed and non-processed 
regions in the CuAlMn alloy (not to scale and with arbitrary values). 
Similarly to what was observed for the welded CuAlMn alloy, the decrease in grain size in the 
laser processed zone, and thus in the overall d/D ratio of the processed material, leads to a 
decrease in the superelastic properties, namely by an increase in the accumulated irrecoverable 
strain after unloading. The accumulated irrecoverable strain of the PWP sample was found to 
be significantly higher than for BM and AW ones (Figure 70). This occurs as a consequence of 
the smaller d/D ratio, which resulted in a more significant constriction of the transformation, 




Figure 70 – Evolution of the accumulated irrecoverable strain with the number of cycle for base material, as-
welded and post-weld laser processed CuAlMn alloy. 
As a consequence of the significantly higher irrecoverable strain after the first complete 
load/unload cycle, the ability to absorb energy (determined from the area inside the 
load/unload stress-strain curve after each full cycle) during mechanical cycling sharply 
decreased (Figure 71), but remained almost constant in subsequent cycles. This means that, in 
the first load/unload cycle, the higher ability for energy absorption presented by the PWP 
sample is obtained, in part, at the expenses of a higher irrecoverable strain upon unloading. 
Nevertheless, the difference of the absorbed energy between PWP and BM samples is less than 
10% after the second cycle.  
As a result of the higher stress required for the start of the martensitic transformation, the PWP 
sample, exhibited a higher ability for energy absorption, despite the higher irrecoverable strain 
during mechanical cycling, than the AW samples. Thus, an improvement of this property was 
obtained after laser processing of the welded material. This means that, although laser welded 
superelastic CuAlMn wires present interesting properties, these can be improved by a proper 
post-weld laser processing. 
 
Figure 71 – Evolution of the absorbed energy with the number of cycles for base material, as-welded and post-
weld laser processed CuAlMn alloy. 
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As the superelastic CuAlMn alloys are intended to be used in seismic devices, the significantly 
high damping capacity in the first load/unload cycle is of major importance. As such, the use of 
laser processed CuAlMn wires could be of great importance in such applications, as they exhibit 
an ability to absorb higher energies than the base material in the first load/unload cycle, while 
in the proceeding ones no significant differences between the processed and non-processed 
base material are observed. Furthermore, the ability for the PWP material for energy absorption 
is always higher than that of the AW material. Thus, it would be feasible to obtain complex 
shaped welded joints by laser with improved mechanical properties providing a post-weld laser 
processing was performed. 
From the cycling tests, it was also observed that the onset for the stress-induced martensitic 
transformation decreased with the number of cycles. This is known to occur for shape memory 
alloys due to two possible reasons: the development of defects, such as dislocations; and/or 
retention of martensite nuclei, which will assist the austenite to martensite transformation in 
the following cycles, thus requiring lower external stresses. 
As a results of dislocation slip occurring during the stress-induced transformation, a change in 
the stress-strain curves of the laser processed material was observed: after the first cycle it is 
noticed a variation on the slope of the superelastic plateau after 3.5% strain. This variation is 
related to the occurrence of plastic deformation during mechanical cycling, leading to strain-
hardening of the processed material. This effect is more evident in the PWP sample due to the 
significantly higher density of fine grains, which have a larger contribution to the plastic 
deformation of the material when compared to the base material or the as-welded samples. 
Some conclusions on the effect of post-weld laser processing on the mechanical properties of 
the CuAlMn alloy can be drawn: 
- The tensile strength of the post-weld laser processed material increased to about twice that of 
the base material and as-welded samples; 
- The absorbed energy and thus the damping capacity of the post-weld laser processed material 
in the first load/unload cycle, increase by 1.7 times when compared to that of the original base 
material; 
- Despite the increased irrecoverable strain during mechanical cycling, the processed material 
was able to show similar damping properties to those of the base material after the second 
cycle, remaining constant in further cycling. 
As such, the use of laser processing on these alloys may be of great interest, even when these 




5. Conclusions and Future Work 
Shape memory alloys are functional materials which are difficult to machine, thus limiting their 
use in complex shaped applications. Joining methods must then be employed in order to allow 
for a greater design flexibility when using these materials. 
In this work similar joints of NiTi/NiTi and CuAlMn/CuAlMn and dissimilar joints of NiTi/Ti6Al4V 
were produced by laser welding. 
For NiTi/NiTi similar joints the following conclusions can be drawn: 
- The laser welding procedure is responsible for inducing microstructural changes in the 
thermally affected regions: while the base material is fully austenitic, the remaining regions have 
a mixture of austenite and martensite. 
- The mechanisms responsible for the formation of martensite, at room temperature, in the 
welded joints were presented: in the fusion zone preferential Ni volatilization, increased the 
transformation temperatures; on the heat affected zone, Ni4Ti3 precipitation had a similar effect. 
- As a results of the presence of martensite in the thermally affected regions, the superelastic 
behavior of the joints was affected. Higher heat input, corresponding to higher amount of 
martensite, lead to a lower superelastic recovery of the joints when subjected to high strain 
cycling. 
- Shape memory effect of the laser welded joints was not inhibited by the laser welding 
procedure. The joints exhibited full recovery of the imposed strain (up to 4 %). 
- The residual stresses were determined by Rietveld refinement and these were found to be 
influenced by the constraints imposed during welding. Additionally, the heat input introduced 
promoted a stress-relief effect in the cold worked base material. 
For the NiTi/Ti6Al4V dissimilar joints the following can summarize this work: 
- Only when a Niobium interlayer is placed between NiTi and Ti6Al4V sounds joints can be 
obtained. Otherwise, solidification cracking occurs in the fusion zone. 
- The Niobium interlayer act as an active barrier to the mixing of the molten metals, thus 
preventing the formation of brittle intermetallics. 
- Positioning of the laser beam was fundamental to obtain a sound joint: only when placed 
impinging the Ti6Al4V base material, and at a given distance from the contact interface, the 
eutectic reaction between NiTi and Niobium took place. 
As for the similar CuAlMn laser joints the following are the main conclusions: 
- The superelastic CuAlMn alloy presents excellent weldability and fracture of the joints during 
tensile tests occurred in the base material due to its peculiar microstructure. 
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- The mechanical behavior, under cycling solicitation, of these joints is similar to that of the base 
material after the second load/unload cycle. 
- Post-weld laser processing of the joints was found to improve the damping ability of the 
material, thus allowing its use in energy absorption applications. 
 
Based on the experiments performed, other works might be of particular interest to conduct in 
the future: 
- Development of a method to determine the phase quantification and residual stress magnitude 
in the post-weld heat treatment samples. Owing to the severe overlapping of the existing peaks 
it was found to be very difficult to separate the peaks of different phases. 
- It would be interesting to study the effect of low-temperature post-weld heat treatments 
(≈ 200 ᵒC) on the existing phases, so that the base material was still fully austenitic after these 
post-processing.  
- The influence of different testing temperatures on the mechanical behavior of both NiTi/NiTi 
and CuAlMn/CuAlMn joints would be interesting to be analyzed; 
- Analysis of the effects of different laser welding parameters on the mechanical behavior of the 
similar CuAlMn joints. 
- Comparing the residual stresses measured by synchrotron radiation with other methods 
(micromechanics); 
- Determination of the residual stresses in both CuAlMn/CuAlMn and NiTi/Ti6Al4V joints should 
also be attempted. 
- Development of an energy absorption device based on CuAlMn joints. 
- Development of system to carefully control the laser positioning for the dissimilar NiTi/Ti6Al4V 
joints; 
- Study of others high temperature interlayers for the NiTi/Ti6Al4V joints. Specially, those who 
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